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ABSTRACT
We present a study of the metal-enriched cool halo gas traced by Mg ii absorption
around 228 galaxies at z ∼ 0.8− 1.5 within 28 quasar fields from the MUSE Analysis
of Gas around Galaxies (MAGG) survey. We observe no significant evolution in the
Mg ii equivalent width versus impact parameter relation and in the Mg ii covering
fraction compared to surveys at z . 0.5. The stellar mass, along with distance from
galaxy centre, appears to be the dominant factor influencing the Mg ii absorption
around galaxies. With a sample that is 90% complete down to a star formation rate
of ≈ 0.1 Myr−1 and up to impact parameters ≈ 250− 350 kpc from quasars, we find
that the majority (67+12−15% or 14/21) of the Mg ii absorption systems are associated
with more than one galaxy. The complex distribution of metals in these richer envi-
ronments adds substantial scatter to previously-reported correlations. Multiple galaxy
associations show on average five times stronger absorption and three times higher
covering fraction within twice the virial radius than isolated galaxies. The dependence
of Mg ii absorption on galaxy properties disfavours the scenario in which a widespread
intra-group medium dominates the observed absorption. This leaves instead gravita-
tional interactions among group members or hydrodynamic interactions of the galaxy
haloes with the intra-group medium as favoured mechanisms to explain the observed
enhancement in the Mg ii absorption strength and cross section in rich environments.
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1 INTRODUCTION
In the current theoretical paradigm of Λ cold dark mat-
ter, which is supported by extensive observations, structures
form hierarchically with galaxies forming first in collapsed
dark matter haloes (Gunn & Gott 1972; White & Rees 1978).
The subsequent evolution of galaxies through cosmic time
? E-mail: rajeshwari.dutta@durham.ac.uk
is closely governed by gas flow processes occurring in and
around them. For instance, galaxies grow by accreting fuel
for star formation either via cooling of hot halo gas or from
cold gas streams of the cosmic web depending on their halo
mass (Keres et al. 2005; Dekel & Birnboim 2006). Outflows
from star forming regions and nuclear activity in galaxies
in turn replenish their surroundings with metals and inhibit
further star formation in some cases (Oppenheimer & Dave´
2008; Lilly et al. 2013; Shull et al. 2014). In this frame-
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work, the observed properties of galaxies like their colour
and morphology are regulated by the competition of the
above accretion and feedback processes. The immediate en-
vironment of galaxies where the processing of baryons to and
from the intergalactic medium takes place is termed as the
circumgalactic medium (CGM). Over the last few decades,
it has become increasingly evident that a successful theory
of galaxy formation and evolution requires us to understand
the gas flow processes occurring within the CGM and their
connection with the galaxies (Tumlinson et al. 2017).
Beyond the CGM, the environment plays a fundamen-
tal role in shaping the way galaxies evolve. In the hierarchi-
cal structure formation model, galaxies assemble into more
massive structures like groups and clusters, and only a small
fraction of galaxies are observed to be in isolated environ-
ments. It is well established that morphology and physi-
cal properties of galaxies vary with the local galaxy den-
sity (Dressler 1980; Whitmore et al. 1993; Boselli & Gavazzi
2006; Wetzel et al. 2012). These differences have been ex-
plained to be arising due to interactions between galaxies
themselves or between galaxies and the hot and dense intra-
cluster medium (Gunn & Gott 1972; Merritt 1983; Stein-
hauser et al. 2016; van de Voort et al. 2017). As galaxies
undergo complex encounters, the gas in their CGM, being
more diffuse and extended, should be even more susceptible
to the effects of gravitational interactions like tidal strip-
ping, or to hydrodynamic interactions. Indeed at low red-
shifts (z < 0.1), the effects of galaxy interactions within
groups and clusters are manifested on the cool neutral hydro-
gen and molecular gas in the form of tidal streams, plumes,
fountains, high-velocity clouds and warped discs (Fraternali
et al. 2002; Sancisi et al. 2008; Mihos et al. 2012; Ja´chym
et al. 2014; Ramatsoku et al. 2019; Moretti et al. 2020),
as well as on the ionized gas (Fumagalli et al. 2014; Pog-
gianti et al. 2017; Vulcani et al. 2018; Fossati et al. 2019a).
Galaxy mergers are also more likely in denser environments,
and merger-driven outflows could affect the gas content and
distribution in the CGM (Hani et al. 2018).
At high redshifts, it becomes observationally challeng-
ing to directly detect the diffuse CGM in emission (Wisotzki
et al. 2018; Umehata et al. 2019). On the other hand, absorp-
tion lines arising from this diffuse gas, detected in the spec-
tra of bright background sources like quasars, have long been
powerful tools to study the kinematics, ionization, chemical
content and physical properties of the CGM. Large samples
of background quasars at small projected separation from
foreground galaxies have been used to statistically map dif-
ferent phases of the CGM and the baryon content around
different galaxy types, especially at z < 1 (e.g. Prochaska
et al. 2011; Stocke et al. 2013; Tumlinson et al. 2013; Werk
et al. 2014; Chen et al. 2018). The Mg iiλλ2796, 2803 ab-
sorption doublet traces the cool (T ∼ 104 K) photo-ionized
gas, and being accessible from the ground over a large red-
shift range (0.2 . z . 2), has been used extensively to study
the galaxy-CGM connection (e.g. Bergeron 1986; Steidel &
Sargent 1992; Churchill et al. 2000; Chen et al. 2010; Lehner
et al. 2013; Nielsen et al. 2013a; Rubin et al. 2018).
The above studies have found that the amount and
cross section of metals in the CGM as traced by Mg ii ab-
sorption decline with increasing distance from galaxies. The
Mg ii absorbing haloes around z < 0.5 galaxies extends out
to ∼ 100 kpc and the metal distribution is patchy within
the halo radius with a covering fraction of ∼ 0.5 − 0.7 for
Mg ii absorbers with rest-frame equivalent width > 0.3 A˚
(Kacprzak et al. 2008; Chen et al. 2010). Further, the proper-
ties of the cool CGM have been found to be different around
passive and star forming galaxies. The radial extent and cov-
ering fraction of Mg ii absorbing gas have been observed to
depend on galaxy luminosity and colour, with blue, more
luminous galaxies having more extended haloes and higher
covering fractions (Chen et al. 2010; Bordoloi et al. 2011;
Nielsen et al. 2013b; Lan et al. 2014).
In addition, the Mg ii absorbing gas has been observed
to exhibit a non-symmetric geometric distribution around
the galaxies, with the strongest absorption occurring close
to the galaxy minor axis and likely to originate in outflows
(Bouche´ et al. 2012; Kacprzak et al. 2012; Schroetter et al.
2016; Lan & Mo 2018). However, the majority of the studies
involving Mg ii absorption have focused on galaxy-absorber
pairs, without a full characterization of the environment.
Presence of galaxy interactions in denser environments is
most likely to complicate the simple picture of the CGM
in which metal-poor gas accretes onto galaxies along the
galaxy major axis and metal-enriched gas is expelled along
the minor axis in the form of winds and outflows.
In one of the initial works on Mg ii absorption in denser
environments, Lopez et al. (2008) found that strong Mg ii
absorbers are significantly overabundant in cluster environ-
ments, especially closer to cluster centres and near more
massive clusters. This excess of strong absorbers could be
related to the absorption arising in clusters having larger ve-
locity spread due to galaxy interactions as compared to ab-
sorption arising around field galaxies. The study also found
relatively fewer weak Mg ii absorbers, suggesting cluster
galaxies have truncated haloes due to stripping of the cold
gas by the hot intra-cluster medium (Padilla et al. 2009).
When it comes to less massive structures like groups,
statistical studies have found that Mg ii absorption detected
around galaxies in a group environment is less correlated
with distance from the galaxy centres and more radially
extended compared to isolated galaxies (Chen et al. 2010;
Bordoloi et al. 2011; Nielsen et al. 2018). Further, Nielsen
et al. (2018) have found that groups show stronger Mg ii
absorption and higher covering fraction compared to iso-
lated galaxies. They suggest that the Mg ii absorption is
associated with the intra-group medium rather than any in-
dividual galaxies in the group. Besides the above, there have
been studies of single Mg ii systems that are associated with
pairs and groups of galaxies (Whiting et al. 2006; Kacprzak
et al. 2010; Nestor et al. 2011; Gauthier 2013; Bielby et al.
2017; Pe´roux et al. 2017, 2019; Klitsch et al. 2018; Rahmani
et al. 2018). Different origins for the observed absorption in
these systems have been proposed, that include tidal interac-
tions, intra-group medium, outflows driven by starburst that
is triggered by interactions, and cold-flow accretion onto a
warped disc of a member galaxy.
In addition to studies of Mg ii in group environment,
there have been extensive studies on Mg ii absorption associ-
ated with luminous red galaxies (LRGs). The bias estimated
for LRGs (Padmanabhan et al. 2007) indicate that they re-
side in massive haloes (halo mass, Mh & 1013 M), and also
in relatively denser environments (Tal et al. 2012). Mg ii ab-
sorbers are found to cluster strongly with LRGs (Bouche´
et al. 2006; Lundgren et al. 2009; Gauthier et al. 2009; Zhu
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et al. 2014), and the mean covering fraction of Mg ii gas
within≈ 100 kpc of LRGs is found to be≈ 15% (Huang et al.
2016). In the absence of starburst-driven outflows in these
quiescent haloes, environmental effects like tidal and ram-
pressure stripping of cool gas from satellite galaxies could
contribute to the wide-spread presence of metals around
LRGs.
Most of the large statistical studies of Mg ii absorption
around galaxies until recently have been based on identify-
ing galaxies close to quasar sightlines in wide-field images
and following up with long-slit or multi-object spectroscopy
of the galaxies. Wide-field optical integral field unit (IFU)
spectrographs like the Multi Unit Spectroscopic Explorer
(MUSE; Bacon et al. 2010) at the Very Large Telescope
(VLT) have revolutionised the study of CGM by enabling
efficient and sensitive spectroscopic surveys complete down
to a given flux limit around quasar sightlines (e.g. Fumagalli
et al. 2016, 2017; Schroetter et al. 2016; Mackenzie et al.
2019; Fossati et al. 2019b; Muzahid et al. 2020; Zabl et al.
2019; Lofthouse et al. 2020). Such type of surveys allow a
more complete characterization of the small-scale galaxy en-
vironment, a complete (flux limited) analysis of the CGM-
galaxy connection up to . 250 kpc from the quasar sight-
lines, and enable studies of CGM to lower mass galaxies
(M∗< 1010 M) at z > 1.
While the MUSE guaranteed time observations (GTO)
survey of Mg ii absorbers, MusE GAs FLOw and Wind
(MEGAFLOW), is studying outflows and gas accretion
traced by strong Mg ii absorption around individual galax-
ies at 0.5 < z < 1.5 (Schroetter et al. 2016; Zabl et al.
2019), the recent MUSE survey of Hamanowicz et al. (2020)
have found that most of the Mg ii absorption line systems
in their sample are associated with two or more galaxies.
Further, Fossati et al. (2019b) have found that associations
and groups (Mh ≈ 1011−13.5 M) detected in the MUSE Ul-
tra Deep Field are linked to stronger Mg ii absorption com-
pared to isolated galaxies. While they do not find evidence
for the presence of widespread intra-group gas, their results
suggest that gravitational interactions within groups could
be responsible for stripping gas from member galaxy haloes
and thus boosting the cross section of Mg ii absorbing gas.
In this work, we study the gaseous haloes as traced by
Mg ii absorption around z ∼ 1 galaxies also in relation to
their environment within the MUSE Analysis of Gas around
Galaxies (MAGG) survey. This survey comprises MUSE ob-
servations of 28 fields centred on z = 3.2 − 4.5 quasars
that show strong H i absorption lines at z > 3 in their
high-resolution optical spectra, which are therefore ideal
to address the Mg ii-galaxy connection in an unbiased way
at lower redshift. The MUSE data are primarily from our
VLT large programme (ID 197.A−0384, PI: M. Fumagalli),
which are supplemented by data from the MUSE GTO (PI:
J. Schaye; Muzahid et al. 2020). The survey strategy and
methodology, including sample selection and data process-
ing, have been presented in Lofthouse et al. (2020). The main
thrust of this project is the study of the CGM of z = 3− 4
galaxies detected via Lyα emission and strong H i absorp-
tion (N(H i) & 1017 cm−2; Lofthouse et al. in prep.). The
rich MUSE datasets are further being utilised to study the
environment around the z > 3 quasars (Fossati et al. in
prep.), and the CGM around lower redshift galaxies as in
this work.
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Figure 1. The 10th, 25th, 50th, 75th and 90th percentiles of the
3σ sensitivity of rest-frame equivalent width of Mg ii absorption
for the sample of 28 quasar spectra, as a function of redshift, from
redward of the Lyα forest up to z = 1.5.
This paper is organized as follows. First we describe the
sample of Mg ii absorption line systems and galaxies used
in this work in Sections 2.1 and 2.2, respectively. Then in
Section 3, we study the connection between Mg ii absorp-
tion and galaxies, including the detection rate of associated
galaxies (Section 3.1), radial (Section 3.2) and azimuthal dis-
tribution (Section 3.3) of Mg ii absorption around galaxies,
dependence of Mg ii absorption on galaxy properties (Sec-
tion 3.4), the covering fraction of Mg ii absorbing gas (Sec-
tion 3.5), and redshift evolution in Mg ii-galaxy trends (Sec-
tion 3.6). Next, we investigate in detail the effect of environ-
ment on the observed Mg ii absorption in Section 4. Finally,
we discuss and summarize the results of this work in Sec-
tion 5. Throughout this paper we use a Planck 15 cosmology
with H0 = 67.7 km s
−1 Mpc−1 and ΩM = 0.307 (Planck Col-
laboration et al. 2016).
2 DATA ANALYSIS
2.1 Mg ii absorption line systems
All the quasars in our sample have high resolution spectra
obtained with the Ultraviolet and Visual Echelle Spectro-
graph (UVES; Dekker et al. 2000) at the VLT, the High
Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994)
at Keck, or the Magellan Inamori Kyocera Echelle (MIKE;
Bernstein et al. 2003) at the Magellan telescopes. These are
often supplemented with medium resolution spectra from
X-SHOOTER (Vernet et al. 2011) at the VLT and Echel-
lette Spectrograph and Imager (ESI; Sheinis et al. 2002) at
Keck. Details of the reduction of these archival spectra and
their properties are summarised in section 3.1 and table 2
of Lofthouse et al. (2020), respectively.
We searched for the doublet lines of Mg iiλλ2796, 2803
by visually inspecting the quasar spectra, restricting to
wavelengths redward of the quasar Lyα forest for clarity of
identification (i.e. z & 0.8). We identified in total 114 Mg ii
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Figure 2. Example of Mg ii doublet absorption line systems in
our sample. The normalized spectrum is shown as black histogram
and the black ticks are the 1σ error bars. The Voigt profile models,
sampled from the posterior distribution estimated by MC-ALF,
are shown as solid cyan lines. Individual Mg ii absorption com-
ponents are shown as dashed red lines and their positions are
marked by vertical red ticks.
absorption line systems over 0.8 < z < 3.8. For the purpose
of this paper, we focus on the 27 systems present in the red-
shift range 0.8 < z < 1.5, where we are able to search for
the corresponding [O ii] emission line in the MUSE spectra.
Note that the quasar fields in the MAGG sample were chosen
on the presence of Lyman Limits Systems (LLS) at z > 3.
Therefore, the Mg ii sample presented here is largely thought
to be unbiased and likely representative of the underlying
absorber population. This is in contrast to the other recent
MUSE studies based on pre-selection of known Mg ii systems
(e.g. Schroetter et al. 2016; Hamanowicz et al. 2020).
To assess our sensitivity to detect Mg ii absorption, we
estimate the 3σ upper limits on the rest-frame equivalent
width of the Mg ii λ2796 line (W
Mg ii
r ) over 100 km s
−1, after
masking out strong absorption lines in the quasar spectra,
from redward of the Lyα forest up to z = 1.5. In Fig. 1, we
plot the 10th, 25th, 50th, 75th and 90th percentiles of the esti-
mated W
Mg ii
r sensitivity of the quasar sample as a function
of redshift. The median W
Mg ii
r sensitivity is ≈ 0.01 A˚, and
ranges from ≈ 0.001 A˚ to ≈ 0.1 A˚ with 90% of the quasar
spectra having a sensitivity . 0.03 A˚.
The properties of the Mg ii systems are summarized in
Appendix A (available online). In our working definition, all
absorption within 500 km s−1 of the line centroid is consid-
ered to be part of one system. To put this into perspective,
note that the virial velocity of z ∼ 1 galaxies with stellar
mass in the range 109−11 M will be ∼ 100− 300 km s−1. In
two cases, we find two adjacent absorption clumps with their
peaks separated by ∼ 200− 300 km s−1. Also in these cases,
we consider them as part of one system. In case of more than
one spectra being available, we use the one with the highest
spectral dispersion, and in case of comparable dispersion,
the one with the highest signal-to-noise ratio (S/N) in the
region of the Mg ii absorption.
We define the redshift of the Mg ii systems as that
where the cumulative optical depth profile of the absorp-
tion reaches 50% of the total value. For saturated pixels, we
take their flux value to be three times the error. The W
Mg ii
r
lies in the range of 0.016 A˚ to 3.23 A˚, with a median value
of 0.12 A˚. The velocity width containing 90% of the total
optical depth of the absorption profile (∆v90) varies from
∼ 10 km s−1 to ∼ 350 km s−1. The total redshift path cov-
ered over z = 0.8− 1.5 is ∆z = 12, which gives the number
of Mg ii absorbers per unit redshift as dN/dz = 2.2 ± 0.4.
The dN/dz for the population of weak (W
Mg ii
r 6 0.3 A˚)
and strong (W
Mg ii
r > 1 A˚) Mg ii absorbers is 1.6 ± 0.4
and 0.3± 0.2, respectively. These values are consistent with
those that have been estimated from statistical samples of
Mg ii absorbers in the literature over a similar redshift range
(Nestor et al. 2005; Prochter et al. 2006; Narayanan et al.
2007; Seyffert et al. 2013).
We fit the Mg ii doublet lines with Voigt profiles us-
ing the code MC-ALF (Fossati et al. in prep), as described
in Fossati et al. (2019b). In brief, the code uses Bayesian
statistics to estimate the minimum number of Voigt profile
components required to model the absorption. Each com-
ponent is defined by redshift, Doppler parameter (b) and
column density (N). We define priors on b and N to be
uniform in the range 1 6 b (km s−1) 6 35 and 11.5 6
logN(cm−2) 6 17.0, respectively. The prior on redshift is
defined visually by the wavelength range over which the ab-
sorption occurs. The continuum around each absorption line
is first normalised (see Lofthouse et al. 2020, for details), and
we then include a multiplicative constant as a free parame-
ter (allowed to vary between 0.98 and 1.02) to account for
continuum fitting uncertainty. We also include ‘filler’ Voigt
components, wherever required based on visual inspection,
to account for blended absorption lines that are physically
unrelated to the Mg ii absorption system of interest. Among
the optimal fits (those with Akaike Information Criterion
within 5 of the lowest value), we choose the one with the
minimum number of components. The number of compo-
nents required to model the absorption vary from the sim-
plest systems with single component to the most complex
system comprising 18 components. If the absorption is sat-
urated (N & 1014 cm−2), we take the column density of the
Mg iiλ2803 line estimated from the apparent optical depth
method (Savage & Sembach 1991) as a lower limit to the to-
tal column density. An example of a Mg ii system is shown
in Fig. 2. All the Mg ii systems along with their best Voigt
profile fits are shown in the online Appendix A.
In addition to analysing the above Mg ii absorption line
systems, we estimate 3σ upper limits on W
Mg ii
r for all
continuum-detected galaxies in our catalogue that are not
associated with an Mg ii absorber (Section 2.2.1), and whose
redshifts fall redward of the quasar Lyα forest and below
z ∼ 1.5. We measure the WMg iir upper limits within a ve-
locity window of 100 km s−1 (the median ∆v90 of the Mg ii
lines in our sample) centred at the redshifts of the galaxies.
2.2 Galaxies in the MUSE data
In each of the MAGG fields we identify galaxies detected
in continuum in the MUSE white-light images as well as in
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Figure 3. Histogram (pink) of the redshifts of the continuum-
detected galaxies in MAGG fields at 0.8 < z < 1.5, for which
we can measure the associated Mg ii absorption properties in the
quasar spectra. Also shown in red is the histogram of the redshifts
of the Mg ii absorbers (with W
Mg ii
r & 0.02 A˚) identified in the
quasar spectra over this redshift range.
line emission in the MUSE 3D cubes. For the purpose of this
paper, we focus on the continuum-detected galaxies within
0.8 < z < 1.5. We cross-match these with the Mg ii ab-
sorbers described in Section 2.1. In addition, we specifically
search for [O ii] line-emitting galaxies around the redshift
of the Mg ii absorbers at 0.8 < z < 1.5, that are too faint
to be detected in the continuum. A blind search for line-
emitting galaxies over the full MUSE wavelength range will
be presented in a future work. We refer to Lofthouse et al.
(2020, section 5) for a detailed description of the methodol-
ogy adopted to detect continuum and line emitting galaxies
in the MAGG fields. Below we describe the analysis of these
galaxies.
2.2.1 Continuum-detected galaxies
The MAGG catalogue of continuum-detected galaxies is
100% complete down to an r-band magnitude of ∼ 25.5 mag
and 90% complete down to ∼ 26.3 mag (see fig. 6 of Loft-
house et al. 2020). This completeness is based on an em-
pirical determination of the number counts of continuum-
detected sources as a function of r-band magnitude. There
are 411 galaxies in this catalogue at 0.8 < z < 1.5 out of
a total of ≈1000 galaxies with reliable spectroscopic red-
shifts measured using marz (Hinton et al. 2016). Note that
these galaxies have redshifts with confidence flag 3 (one high
S/N emission or absorption line and other low S/N emission
and/or absorption features) and flag 4 (multiple high S/N
emission and/or absorption lines), according to the catego-
rization scheme listed in Bielby et al. (2019) and Lofthouse
et al. (2020). Hence, we are confident of the [O ii] doublet
line identification in these galaxies based on other emission
and/or absorption features in the spectra, even when the
[O ii] line is only partially resolved.
Among the above, we identify 214 galaxies for which we
can obtain a clean measurement of the associated Mg ii ab-
sorption in the quasar spectra, i.e. outside of the quasar Lyα
forest and free from contamination by other strong absorp-
tion lines at different redshifts. The distribution of redshifts
of these galaxies along with that of the Mg ii absorbers in
our sample is shown in Fig. 3. Fig. 4 shows an example of
the galaxies detected in one of the MAGG fields. We extract
the 1D spectra of the galaxies using the 2D segmentation
maps created by SExtractor (Bertin & Arnouts 1996).
We derive the [O ii] luminosity by integrating the 1D spectra
within ∼ 500 km s−1 around the [O ii] line, after subtracting
a constant mean continuum level estimated around the [O ii]
line.
Next, we estimate the physical properties of the
continuum-detected galaxies by fitting the MUSE spectra
and photometry with stellar population synthesis (SPS)
models. We use the Monte Carlo Spectro-Photometric Fit-
ter (MC-SPF) developed by Fossati et al. (2018), following
the procedure described in Fossati et al. (2019b). Briefly,
the code uses the Bruzual & Charlot (2003) models at so-
lar metallicity and the Chabrier initial mass function (IMF;
Chabrier 2003). Nebular emission lines are added to the stel-
lar templates using a grid of emission line luminosities from
the models of Byler et al. (2018). The parameters of the
grid are the ionization parameter of the gas and the age of
the ionizing spectrum. The line luminosities are then scaled
by the number of Lyman continuum photons in the stel-
lar models and converted into flux at the galaxy’s redshift.
The shape of the emission lines is assumed to be Gaussian
with the width treated as a free parameter. MC-SPF then
jointly fits the MUSE spectra and photometry estimated in
four bands from the MUSE data to derive the stellar mass
(M∗), star formation rate (SFR) and dust extinction (Av) of
the galaxies (see Fig. 5). We caution that in the absence of
near-infrared (NIR) photometry for the galaxies, there re-
mains some degeneracy between the model parameters, and
we plan to refine these measurements once NIR data for all
the fields become available.
For the purpose of this paper we primarily use the stel-
lar masses estimated by MC-SPF, which appear to be well
constrained by the MUSE photometry. The galaxies in our
sample have stellar masses between 107 and 1012 M, with a
median of 2× 109 M. The typical error in the estimates of
the logarithm of stellar mass is ≈ ±0.1 dex. With the stellar
mass in hand, we also derive the halo masses of the galax-
ies using the stellar-halo mass relation from Moster et al.
(2010). The halo masses range from 3×1010 to 4×1014 M,
with a median value of 3×1011 M. We additionally use the
dust extinction estimated by MC-SPF to correct the [O ii]
luminosity for dust using the extinction law of Calzetti et al.
(2000). This includes an attenuation factor of 2.27 to account
for the effect of extra extinction in young (< 10 Myr) stellar
populations, Ayoung = 2.27×Aold. We then estimate the star
formation rate based on [O ii] using the relation of Kenni-
cutt (1998). We use a factor of 1.7 to convert from Salpeter
(1955) IMF used in the Kennicutt relation to Chabrier IMF
used by MC-SPF (Zahid et al. 2012). The SFR as a function
of the galaxy stellar mass is shown in Fig. 6. The galaxies in
our sample overall appear to follow the SFR versus M∗ re-
lation shown by star forming galaxies at this redshift range
(Whitaker et al. 2014). The properties of the galaxies in our
sample are summarized in the online Appendix B.
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Figure 4. Example of galaxy detection in continuum and [O ii] emission. Left: [O ii] pseudo-narrow band image (over ∼ 1000 km s−1)
centred at the redshift of an Mg ii absorber (z = 0.9021) in the MAGG field J120917+113830. The galaxies detected in continuum are
marked with blue circles, and those detected in line emission only are marked with green circles. The quasar position is marked by a
plus sign. The black contours show all the continuum sources detected in this field at levels of 22, 23, 24, 25, 26 and 27 mag arcsec−2.
The image has been smoothed by a top-hat kernel of width 0.4 arcsec for display purpose. Right: 1D spectra of the galaxies marked in
the narrow-band image to the left, showing the [O ii] emission. The double Gaussian fit to the [O ii] line is shown by solid red lines. Fits
to each component are shown by dotted blue lines. The shaded region shows the 1σ uncertainty in the fit.
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Figure 6. SFR derived from [O ii] versus the stellar mass of the
continuum-detected galaxies in our sample. Galaxies with asso-
ciated Mg ii absorption are shown as stars, while those without
are shown as downward triangles. The symbols are colour-coded
by the galaxy redshifts. The solid line is the fit to the main se-
quence obtained by Whitaker et al. (2014) in the redshift range
1 < z < 1.5, while the dashed lines represent the 1σ uncertainty
in the fit.
2.2.2 Emission line-detected galaxies
In order to extend the association of Mg ii systems in our
sample to the population of galaxies that are faint in contin-
uum but bright in line emission, we search for [O ii] line emit-
ters in a velocity window of ±500 km s−1 (see Section 3.1)
around the Mg ii redshifts using CubExtractor (CubEx;
Cantalupo et al. 2019, Cantalupo in prep.) and the pro-
cedure described in Lofthouse et al. (2020) for Lyα emit-
ters. Briefly, we first subtract the quasar point spread func-
tion (PSF) and remove continuum sources from the reduced
MUSE 3D cubes using the CubePSFSub and CubeBKG-
Sub methods in CubEx, respectively (see Cantalupo et al.
2019, for details). We then run CubEx on the continuum-
subtracted cubes to identify and extract potential line emit-
ters. CubEx convolves the cubes with a two-pixel boxcar in
the spatial direction and identifies groups of connected vox-
els (volumetric pixels) that each have S/N > 3. The groups
are extracted as line emitters if they satisfy the following
conditions: (i) number of voxels > 27, (ii) pixels spread over
> 3.75 A˚ in at least one spatial direction, and (iii) wave-
length span of group 6 20 channels to exclude residuals
from continuum sources. We compare the two data cubes
containing half of the exposure time to rule out residuals
from cosmic rays. For [O ii] line identification, we addition-
ally require a doublet line to avoid ambiguity with other
lines, like Lyα at a higher redshift, in the classification.
We find eleven [O ii] emitters associated with the Mg ii
absorbers that are not identified in the continuum cata-
logue. Among these, the integrated signal-to-noise ratio cor-
rected for correlated noise (ISN; see Lofthouse et al. 2020)
of the entire source is > 7 for seven of the line emitters and
5 < ISN 6 7 for the remaining four emitters. The emit-
ter classification has been visually confirmed by three of the
authors (RD, MF, EL). We then extract the 1D spectra of
these emitters along the full wavelength range using the 3D
segmentation maps produced by CubEx.
In addition to the above line emitter search, we con-
struct pseudo-narrow band images around the [O ii] emis-
sion corresponding to the Mg ii absorption systems. These
narrow band images are obtained from the MUSE cubes
from which the continuum emission and the quasar PSF
have been subtracted, in a velocity window of ±500 km s−1
around the Mg ii redshifts. We visually inspect these images
for additional [O ii] emitters that could have been missed
in our above search using CubEx. We find three additional
[O ii] emitters that are close to the quasar PSF (see Fig. 7
for an example). The [O ii] emission lines in these cases were
contaminated with residual quasar emission in the CubEx
extraction and hence could not be reliably identified with
this method. We run instead SExtractor on the narrow
band images with the same parameters used for detecting
the continuum galaxies (S/N threshold of 2, minimum area
of 6 pixels for extraction, a minimum deblending parameter
of 0.0001), and use the resulting 2D segmentation maps to
extract the 1D spectra of these emitters. Thus in total we
find 14 [O ii] emitting galaxies in the MUSE data associated
to the Mg ii absorbers. We additionally searched for spa-
tially extended emission in the above narrow band images by
smoothing them with a top-hat kernel of width 1 arcsec. We
do not detect any extended emission down to a median 5σ
surface brightness limit of ≈ 3×10−18 erg s−1 cm−2 arcsec−2
over an aperture of 1 arcsec2.
To assess the completeness of our line emitter search,
we inject mock sources into the MUSE cubes and repeat the
detection experiment 1000 times. We inject 3000 sources at
random spatial and spectral locations over the full MUSE
wavelength range. We consider both point-like and extended
sources. The point sources are characterized by a 1D Gaus-
sian with full-width at half-maximum (FWHM) of 2.5 A˚
spectrally and a 2D Gaussian with FWHM of 0.7 arcsec
spatially. The extended sources are modeled by exponential
discs with scale lengths of 2.3, 3.9 and 5.5 kpc (at z = 1)
and 1D Gaussian with same line spread function as for the
point sources, and convolved with the seeing. We identify the
mock sources that are detected at ISN > 5 in a similar fash-
ion as the real sources. The typical on-source exposure time
for the MUSE fields is ∼ 4h, except for two fields that have
been observed for ∼ 10h as part of the MUSE GTO. Fig. 8
shows the median recovery fraction of the mock sources in
the MUSE fields with∼ 4h exposure in the wavelength range
of interest, ∼ 6800 − 9300 A˚. The median 90% complete-
ness limit is ∼ 3 × 10−18 erg s−1 cm−2 for the point sources
and ∼ 9× 10−18 erg s−1 cm−2 for the extended sources with
scale length of 3.9 kpc. Alternatively, for a fixed line flux
of 5 × 10−18 erg s−1 cm−2, the median recovery fraction is
∼ 95% for point sources, and∼ 73% for the extended sources
with scale length of 3.9 kpc. The average completeness limit
in the MUSE fields with 10h exposure is lower by a factor of
∼1.2 due to the different conditions (e.g. seeing or brightness
of these observations compared to the data from our Large
Programme). For the purpose of this work, the completeness
limit estimated for the ∼ 4h MUSE fields can be taken as
the typical value.
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Figure 7. Example of galaxy detection in [O ii] pseudo-narrow band image, in the field J200324−325145 around the Mg ii absorber at
z = 1.1764. Notations and symbols are the same as in Fig. 4. The two galaxies marked ‘G1’ and ‘G2’ could be identified on the basis of
the [O ii] pseudo-narrow band image, despite being in close proximity to the quasar PSF.
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Figure 8. The median detection fraction of simulated emitters as
a function of line flux of mock point (black) and extended (red)
sources injected into the MUSE cubes with ∼ 4h exposure time.
The solid red line shows the detection fraction for exponential
disks with scale length of 3.9 kpc and the shaded region shows
the same with scale lengths varying between 2.3 and 5.5 kpc. We
are typically 90% complete down to 3 × 10−18 erg s−1 cm−2 for
point sources (vertical black line) and 9× 10−18 erg s−1 cm−2 for
extended sources with scale length 3.9 kpc (vertical red line) at
wavelengths between 6800 and 9300 A˚.
3 CONNECTING Mg ii ABSORBERS AND
GALAXIES
With the powerful combination of a complete (flux-limited)
redshift survey up to a radius of ∼ 250 kpc from quasar
sightlines and of high-resolution spectroscopy that has not
been pre-selected according to the presence of Mg ii ab-
sorbers, we are able to conduct an unbiased census of the
cool gas distribution around galaxies up to and beyond red-
shift z ≈ 1, thus extending to moderate redshifts the study of
correlations that have emerged from lower-redshift (z . 0.5)
studies utilizing primarily multi-object spectrographs (see
Section 3.6). Moreover, the possibility to exploit the full
cosmological volume along the line of sight enables us to
complete both galaxy-centric (Sections 3.2, 3.4, 3.5) and
absorber-centric studies (Sections 3.1, 3.3), and in the fol-
lowing we alternate between both approaches. Finally, the
possibility to trace the environment of the Mg ii absorbers
and of the galaxies identified along the line of sight adds a
novel dimension to the study of cool gas in the CGM. While
we proceed by first analysing previously-reported correla-
tions between Mg ii absorption and galaxies (Section 3) and
then focus on the role of environment in shaping the cool
gas within the CGM (Section 4), it will become clear from
the following analysis that it is not always straightforward
(or not even at all possible) to completely disentangle the
two effects.
3.1 Association of galaxies to Mg ii absorbers
To study the incidence of Mg ii absorption associated to
galaxies, we take first an absorber-centric point of view
and cross-match the MAGG catalogue of continuum galax-
ies from Section 2.2.1 with the Mg ii absorption line sample
from Section 2.1. For a match, we consider a velocity win-
dow of ±500 km s−1 centred on the Mg ii redshift and the full
MUSE field-of-view (FoV). For reference, the MUSE FoV of
1×1 arcmin2 corresponds to∼ 500×500 kpc2 at z = 1, which
probes impact parameters (R, projected separation between
quasar and galaxy centre) up to ∼ 250− 350 kpc. At z = 1,
for the median stellar mass of the continuum-detected galax-
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Figure 9. Histogram of the number of galaxies associated with
the Mg ii absorbers that are detected in the MUSE FoV within
±500 km s−1 of the absorber redshift. The solid bars are in cases of
galaxy detections, while the open bar is when there is no galaxy
identified. At least one galaxy is detected for 21 out of 27 ab-
sorbers, while 14 out of 21 absorbers have more than one associ-
ated galaxy.
ies in our sample of M∗= 2×109 M, the corresponding virial
mass, radius and velocity are ∼ 3× 1011 M, ∼ 100 kpc and
∼ 120 km s−1. Therefore, we typically probe up to twice the
virial radius and five times the virial velocity. For the more
massive galaxies (M∗= 1011 M), we can probe up to the
virial radius (∼ 280 kpc) and velocity (∼ 340 km s−1).
We find 39 continuum-detected galaxies associated with
the Mg ii absorbers. As described in Section 2.2.2, we identi-
fied a further 14 [O ii] line emitting galaxies associated with
the Mg ii absorbers. Therefore, in total we find 53 galax-
ies associated with the 27 Mg ii absorbers, as summarized
in Fig. 9. We detect at least one galaxy for 21 of the ab-
sorbers, giving a detection rate of 78+9−13%
1. For 14 of the
absorbers, we detect more than one galaxy, i.e. a detection
rate of 67+12−15% for multiple galaxies. We do not find any
significant dependence of the detection rate of galaxies on
W
Mg ii
r in our sample.
The average number of galaxies associated with Mg ii
absorption in the MUSE FoV within a velocity window of
±500 km s−1 is 2.5, showing that the presence of multiple
galaxies around individual Mg ii absorbers is a common oc-
currence. Based on the fit to the [O ii] luminosity function at
z = 1.2 from Drake et al. (2013), we expect to detect ∼0.3
galaxies in the volume searched around each absorber, indi-
cating the presence of an over-density of galaxies associated
with the Mg ii absorbers.
The galaxies are detected at impact parameters ranging
from 18 to 348 kpc (median R = 169 kpc), thus encompass-
ing both galaxies that are sufficiently close to host the Mg ii
clouds in their inner CGM and galaxies at further distances
that are likely to be associated with the Mg ii absorbers via
their large-scale environment. The median velocity separa-
1 The errors quoted here are 1σ Wilson score confidence intervals.
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Figure 10. Distribution of impact parameters and velocity sep-
arations of the galaxies associated with the Mg ii absorbers in
our sample. Red stars denote single galaxies. Filled blue stars de-
note the galaxy with the smallest impact parameter in case of
multiple galaxies associated with the same absorber, while the
remaining galaxies are denoted by open blue stars. To the right
and bottom, we show the histograms for the impact parameter
and velocity separation, respectively. The median values of these
parameters are marked by ticks. The histograms and ticks are red
for the single galaxies and blue for the multiple galaxies.
tion between the galaxy and Mg ii redshifts is −8 km s−1 and
the majority (75%) of the galaxies lie within ±200 km s−1 of
the absorber redshifts, indicative of a real association and
not of a chance superposition along the line of sight. The dis-
tributions of the impact parameters and velocity separations
are shown in Fig 10.
Given the significant radius probed by MUSE, the rea-
son behind the non-detection of associated galaxies for six
of the absorbers is likely attributed to the presence of galax-
ies that are fainter than our flux limit in the [O ii] line of
. 3× 10−18 erg s−1 cm−2, which corresponds to a 90% com-
pleteness down to an [O ii] luminosity of ∼ 2 × 1040 erg s−1
for point sources at z = 1, or an unobscured SFR of
∼ 0.14 Myr−1. We note, however, that our survey does
not exclude a priori passive galaxies that can still be iden-
tified via absorption lines. We do not however identify any
passive galaxies close to the quasar sightlines (R < 50 kpc)
associated to the Mg ii absorbers. Based on the 90% r-band
completeness limit of 26.3 mag of the continuum galaxy sam-
ple, and Bruzual & Charlot (2003) SPS models with solar
metallicity and Chabrier IMF, we estimate the limiting stel-
lar mass to be ∼ 2×108 M∗ for a young star-forming galaxy
and ∼ 4× 109 M∗ for an old passive galaxy at z ∼ 1.
Despite our search for galaxies at close impact param-
eters via narrow-band imaging, we cannot completely ex-
clude the presence of galaxies just below the quasar PSF
(R . 10 kpc), where residual emission hampers the de-
tectability even after the PSF subtraction. Based on the
relation between W
Mg ii
r and R presented in Section 3.2, we
expect only ≈ 2 cases in which galaxies lie at R . 10 kpc.
We further note that for two of the absorbers, we identify
galaxies outside our set velocity search window at velocity
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separations of ∼ 800−900 km s−1. However, in line with our
definition, they are not included in the detections.
While there have been extensive searches for galaxies
associated to Mg ii absorbers in the past (e.g. Bergeron &
Boisse´ 1991; Steidel et al. 1994; Chen et al. 2010; Gauthier
& Chen 2011; Kacprzak et al. 2011), our analysis is more
directly comparable with other IFU surveys in terms of com-
pleteness and uniformity of the search in a wide FoV. Re-
cently, Hamanowicz et al. (2020) observed with MUSE five
quasar fields with 14 strong H i absorbers at 0.1 < z < 1,
among which 5 had known galaxy associations. They report
a detection rate of 89% (8/9) for serendipitous absorbers
identified in the line of sight, and a detection rate of 57%
(8/14) for multiple galaxies associated to a single absorber.
Differently from our work, their search employed a velocity
window of ±1000 km s−1and was 90% complete for line flux
greater than 5× 10−17 erg s−1 cm−2 for point sources. Con-
sidering these differences, the overall detection rate and the
fraction of multiple galaxies reported by these authors are
compatible with that of our sample.
The MUSE GTO MEGALFOW survey (Schroetter
et al. 2016; Zabl et al. 2019) targets instead the fields around
22 quasars that are known to host three or more strong Mg ii
absorbers (W
Mg ii
r > 0.5 A˚) at 0.5 < z < 1.5. They searched
for associated galaxies based on multiple pseudo-narrow-
band images of width 400 km s−1, with a reported 5σ [O ii]
detection limit of ∼ 4×10−18 erg s−1 cm−2 for point sources
at z ∼ 0.9. They detected one or more galaxy for 75% of
the absorbers at R < 100 kpc, i.e. with an higher detection
rate for galaxies at close impact parameters compared to our
study. This difference is clearly linked to their pre-selection
based on Mg ii that skews the statistics compared to a ran-
dom sample (see also next section). Our sample is in fact
more representative of a blind survey for galaxies associated
with typical and not just the strongest Mg ii absorbers, with
a median W
Mg ii
r of 0.1 A˚.
A third significant MUSE study focusing on Mg ii is
the analysis of Mg ii-galaxy associations in the MUSE Ul-
tra Deep Field (MUDF), a very deep survey of a 1.5 ×
1.2 arcmin2 region around two z ∼ 3 quasars with up to
150 h on-source observations (Lusso et al. 2019; Fossati et al.
2019b). Based on the first 44 h of data from this survey,
Fossati et al. (2019b) find that 5 out of 6 Mg ii absorbers at
0.5 < z < 1.5 detected in the spectrum of the bright quasar
are associated with three or more galaxies.
Despite the variation in target selection and depth of
these different observations, the emerging picture is that
Mg ii absorbers are nearly always associated with galaxies
within 250 kpc and more than 50% of these galaxies are not
in an isolated environment. Rather, the majority are part of
pairs, multiple associations, and groups as detected down to
the typical stellar mass (109 M) probed in shallow/medium
depth (∼ 2 − 10h exposure) MUSE data. The incidence of
Mg ii absorbers in groups and multiple associations is in fact
likely even higher once we probe the environment around ab-
sorbers more completely with deeper and wider coverage, as
already hinted by the MUDF results (Fossati et al. 2019b).
3.2 Radial profile of Mg ii gas around galaxies
In this section, we move from the absorber-centric view
taken above to a galaxy-centric view in which, starting with
a known galaxy position in 3D we reconstruct the cool gas
distribution in the CGM as traced by Mg ii. In particu-
lar, the relationship between the rest equivalent width of
Mg ii and galaxy impact parameter is well-studied in the
literature, with numerous studies reporting a strong anti-
correlation between W
Mg ii
r and R (e.g. Lanzetta & Bowen
1990; Chen et al. 2010; Bordoloi et al. 2011; Nielsen et al.
2013b; Rubin et al. 2018).
Fig. 11 shows W
Mg ii
r as a function of R for the MAGG
galaxies where we detect Mg ii absorption (filled stars) or can
derive a clean upper limit on W
Mg ii
r (open downward tri-
angles). To keep track of the different environment around
these galaxies, we differentiate between single or multiple
galaxy associations (red and blue symbols, respectively).
Also shown in the same plot for comparison are measure-
ments for Mg ii-galaxy pairs compiled from the following lit-
erature: Nielsen et al. (2013a, 2018); Schroetter et al. (2016);
Bielby et al. (2017); Klitsch et al. (2018); Zabl et al. (2019);
Fossati et al. (2019b); Hamanowicz et al. (2020).
This literature compilation is unavoidably heteroge-
neous, with studies differing in observing sensitivity and def-
inition of galaxy associations. To differentiate between the
literature galaxy samples with different observing methods,
we plot systems from single and multi-slit spectroscopic ob-
servations as circles, and those from IFU observations as
squares. We further note that while the maximum impact
parameter probed in a single MUSE pointing is ∼ 350kpc
at z ∼ 1, the work by Fossati et al. (2019b) is based on
two overlapping MUSE pointings, which extends this type
of analysis up to ≈ 600 kpc from a galaxy.
The perhaps more subtle and yet relevant difference
among these literature studies is the starting point for the
galaxy survey. While some authors start from a Mg ii-centric
approach in which galaxies have been searched around
known Mg ii absorbers to understand their origin (e.g. Zabl
et al. 2019), others take a more galaxy-centric view and
search for Mg ii absorbers around the position of known
galaxies (e.g. Rubin et al. 2018). The MAGiiCAT sam-
ple (Nielsen et al. 2013a), being in itself a compilation of
Mg ii-galaxy pairs from the literature, includes both Mg ii-
centric and galaxy-centric samples. Further, we note that the
study of Rubin et al. (2018), unlike the other studies men-
tioned above, uses background galaxies rather than quasars
to probe the gas around foreground galaxies.
The majority of the galaxy sample used in our work
(94%) is identified independently of the absorption proper-
ties, on the basis of continuum and [O ii] emission alone (Sec-
tion 2.2.1). The remaining pure [O ii] line emitting galaxies
(Sec 2.2.2) are instead identified on the basis of the known
Mg ii absorption systems. While we include these galaxies in
our analysis, we note that our results do not change upon
removing them from our sample.
Overall, from Fig. 11 we find that the MAGG galax-
ies occupy a similar parameter space in the W
Mg ii
r versus
R plot as the literature systems, despite the fact that our
observations probe an average higher redshift compared to
most previous samples. This consistency hints at a lack of
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Figure 11. Rest-frame equivalent width of Mg ii as a function of galaxy impact parameter in our sample and from the literature (see
Section 3.2). Error bars on the W
Mg ii
r measurements in our sample are smaller than or similar to the size of the symbols. The different
symbol notations differentiate between results of MAGG (stars for measurements and triangles for upper limits) and the literature
(squares and circles, to distinguish between IFU and non-IFU studies). With colours, we differentiate instead between galaxies that are
reported as isolated (red) or in pairs and multiples (blue). Note that our galaxy sample is not complete at R . 10 kpc where the quasar
PSF could hinder reliable galaxy identification. While W
Mg ii
r declines on average with R, there is considerable scatter at higher R due
to detection of multiple galaxies mostly using IFU studies.
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Figure 12. Fit to the rest equivalent width of Mg ii versus galaxy impact parameter relation for the samples with the closest galaxies
(left) and the most massive galaxies (right). Measurements and upper limits from MAGG are plotted as stars and triangles, respectively.
The symbols are color-coded same as in Fig. 11. In the left panel, for multiple galaxies, the closest galaxies are plotted as solid symbols
while the rest are plotted as open symbols. Similarly in the right panel, the most massive galaxies in case of multiple are plotted as
solid symbols. The symbols for the literature data are same as in Fig. 11. The green solid lines show the best-fit linear relation obtained
between log W
Mg ii
r and R. The 16
th and 84th percentiles are indicated by the shaded regions. Various best-fit relationships from the
literature (Chen et al. 2010; Nielsen et al. 2013b, 2018; Rubin et al. 2018) are also plotted for reference as denoted in the left panel.
In the left panel we show the fit to the closest galaxy in the groups from Nielsen et al. (2018), while in the right panel we show their
fit to the most luminous galaxy in their groups. Our fits are consistent within the uncertainties with the log-linear fits obtained in the
literature at z . 0.8.
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strong evolution in the W
Mg ii
r around galaxies with time
and thus with their SFRs, considering the redshift evolution
of the galaxy main sequence.
While the (reportedly) single galaxies (in red) paint a
picture of a strong anti-correlation between W
Mg ii
r and R,
multiple galaxy systems (in blue) appear to extend the pa-
rameter space to larger W
Mg ii
r at larger R, broadening the
scattering and weakening the overall correlation. Notably,
these galaxies only scatter upward and/or rightward in this
parameter space, with the single galaxies defining a lower
envelope beyond which no galaxies are found despite the
sensitivity to both the presence of galaxies and Mg ii absorp-
tion. In other words, there are no systems that populate the
parameter space defined by low W
Mg ii
r and small R.
The above dichotomy between single and multiple
galaxies appears clearly linked to the technique used to com-
plete the galaxy survey. IFU surveys (stars, squares and tri-
angles), which provide a more complete view of the galaxy
population, appear in fact largely responsible for the detec-
tion of galaxies at larger impact parameters and of multi-
ple galaxy associations. This trend raises the question on
whether some of the reportedly isolated galaxies in the lit-
erature may in fact be part of pairs, multiples or groups.
To investigate trends between W
Mg ii
r and R more sta-
tistically, we quantify the significance of the correlation
including 3σ upper limits on W
Mg ii
r for the continuum-
detected galaxies in our sample, for which there is no de-
tection of associated Mg ii absorption. The upper limits are
taken into account by using standard survival analysis meth-
ods in r2 (R Core Team 2020). Most of our absorption sys-
tems have more than one associated galaxy. To avoid double
counting and to differentiate the role of environment from
the effect of individual galaxies (see below for a more de-
tailed discussion), we carry out the analysis on two samples:
(i) single galaxies and galaxies with smallest impact param-
eter among multiple, and (ii) single galaxies and galaxies
with highest stellar mass among multiple. We perform a cor-
relation analysis between W
Mg ii
r and R using the cenken
function in r, which computes the non-parametric Kendall’s
tau correlation coefficient for censored data.
For the sample with closest galaxies, the Kendall rank
correlation coefficient between W
Mg ii
r and R is τk = −0.13
and the probability of the correlation arising by chance is
pk = 0.01. Dividing the sample into two sub-samples at the
median R = 169 kpc, we find the probability that they are
arising from the same parent distribution is P = 9 × 10−5.
This is estimated using the cendiff function in r, which
tests if there is a difference between two empirical cumulative
distribution functions using the Peto & Peto modification
of the Gehan-Wilcoxon test. For the sample with the most
massive galaxies, the anti-correlation between W
Mg ii
r and
R is weaker, with τk = −0.08 and pk = 0.15. The probability
that the sub-samples at higher and lower impact parameters
are arising from the same parent distribution is P = 0.003.
The above indicates that the strength of Mg ii absorption
declines primarily with increasing distance from the galaxy
centre.
2 https://www.r-project.org/
Next, to characterize the relationship between W
Mg ii
r
and R, we fit a log-linear model to the data by assuming a
linear dependence between log W
Mg ii
r and R of the form
log WMg iir (A˚) = a + b× R (kpc). (1)
We define the likelihood function as the product of the likeli-
hood functions for the n measurements and m upper limits,
following Chen et al. (2010) and Rubin et al. (2018), as:
L(W ) =
(
n∏
i=1
1√
2piσ2i
exp
{
−1
2
[
Wi −W (Ri)
σi
]2})
×
(
m∏
i=1
∫ Wi
−∞
dW ′√
2piσ2i
exp
{
−1
2
[
W ′ −W (Ri)
σi
]2})
, (2)
where Wi is the log W
Mg ii
r for each measurement, W (Ri)
is the value of log W
Mg ii
r expected from the model (Eqn. 1)
at each impact parameter Ri, and the total error is given
by the sum in quadrature of each measurement error (σmi)
and an intrinsic scatter (σsc) to account for intrinsic varia-
tion in galaxy properties, σ2i = σ
2
mi + σ
2
sc. To fit the model
to the data, we define flat priors on the parameters such
that −10 < a < 10, −10 < b < 10 and 0 < σsc < 10. We
sample the posterior probability density function using py-
multinest (Buchner et al. 2014), which is a python wrapper
for multinest (Feroz & Hobson 2008). The median value of
this function and the 16th and 84th percentiles are plotted
in Fig. 12 for the sample of closest galaxies (left panel) and
most massive galaxies (right panel). The fit to the sample
of most massive galaxies is slightly flatter but consistent
with that to the sample of closest galaxies. For the closest
galaxies, the best-fit relation has coefficients a = −0.05+0.42−0.38,
b = −0.010± 0.003 and σsc = 0.93+0.21−0.17, while for the most
massive galaxies the best-fit parameters are a = −0.20+0.42−0.39,
b = −0.009± 0.003 and σsc = 1.18+0.34−0.24.
We show for comparison in Fig. 12, the relationships
between W
Mg ii
r and R given by different literature stud-
ies. As noted, different studies are based on different sets of
assumptions. Both Nielsen et al. (2013b) and Rubin et al.
(2018) have fitted a log-linear model to their data as in our
analysis, whereas Chen et al. (2010) have adopted a power-
law model. The fits given by Nielsen et al. (2013b) and Chen
et al. (2010) were performed on samples defined as isolated
in the respective studies, while Rubin et al. (2018) did not
place any constraint on the galaxy environment in their sam-
ple. Further, Nielsen et al. (2018) differentiated on the basis
of galaxy environment, finding a flatter fit to the closest and
the most luminous galaxies in a sample of groups compared
to their isolated sample in Nielsen et al. (2013b).
Despite these differences, some common traits emerge.
Due to the presence of a large number of upper limits beyond
R & 100 kpc, we find that our data are not well-represented
by a power-law model, like the one by Chen et al. (2010).
Our best-fit relationships are instead consistent within the
uncertainties with the log-linear fits previously obtained in
the literature, albeit with small differences. The fit to the
closest galaxies in our sample is slightly flatter than that
obtained for isolated galaxies by Nielsen et al. (2013b), but
it has similar slope as the fit to the closest galaxies in groups
by Nielsen et al. (2018). Similarly, the fit to the most massive
galaxies in our sample is flatter than that to the isolated
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galaxies and its slope is more consistent with that of the fit
to the most luminous galaxies in groups by Nielsen et al.
(2018).
Finally, we observe that the functional form in Eqn. 1
clearly provides only an adequate description of the lower
envelope of the distribution in the W
Mg ii
r versus R plane.
As already noted above, there exists a substantial number of
galaxies that up-scatter from, or scatter to the right of, this
relation and occupy a region of higher W
Mg ii
r at fixed im-
pact parameter. As these galaxies tend to almost exclusively
lie in group-like environments, a single log-linear model ap-
pears inadequate to describe the emerging complexity of the
W
Mg ii
r versus R plane.
3.3 Azimuthal distribution of Mg ii absorbers
Following the analysis of the radial decline of Mg ii absorbers
around galaxies, we continue our exploration of the cool
gas distribution in the CGM of z ≈ 1 galaxies by exam-
ining whether the distribution of Mg ii depends on the rela-
tive projected angle with respect to the galaxy orientation.
Several studies of Mg ii-galaxy pairs have in fact reported
that the distribution of Mg ii absorption is not isotropic
around galaxies (e.g. Bordoloi et al. 2011; Bouche´ et al. 2012;
Kacprzak et al. 2012; Lan & Mo 2018; Martin et al. 2019;
Schroetter et al. 2019; Zabl et al. 2019), with Mg ii absorp-
tion clustering either in the direction of the major or minor
axis. These observations are often interpreted with models
in which the Mg ii absorbing gas traces either bi-conical out-
flows perpendicular to the galaxy disc along the minor axis
or co-rotating/accreting gas along the galaxy major axis.
However, some recent studies have examined in detail the
metallicity of the CGM gas at z < 0.7, finding a weak de-
pendence upon the galaxy orientation, indicating that out-
flowing and inflowing gas cannot be completely separated by
orientation angle, as they become well-mixed at low redshifts
(Kacprzak et al. 2019; Pointon et al. 2019).
By leveraging our complete sample of galaxies, we ex-
plore whether there is any azimuthal dependence of Mg ii
absorption once we extend the analysis to larger impact pa-
rameters (R > 50 kpc) and do not limit to systems show-
ing high-equivalent width (W
Mg ii
r > 1 A˚) absorption. Note
that in this section, we revert to an absorber-centric study,
restricting to a sub-sample of galaxies for which there is a
positive detection of Mg ii absorption.
To establish the galaxy orientation, we first derive the
velocity maps for the galaxies in our sample. We extract a
sub-cube of 6×6 arcsec2 (or 8×8 arcsec2 if the [O ii] emission
is more extended) and 100 A˚ centred around the [O ii] emis-
sion of each galaxy from the continuum-subtracted MUSE
cubes. We then fit the [O ii] emission line with a double
Gaussian profile in each pixel by averaging over the neigh-
bouring 3× 3 pixels (which corresponds to 0.6× 0.6 arcsec2,
roughly equivalent to the seeing). While fitting the [O ii]
emission lines, we fix the wavelength difference between the
two Gaussian components to be equal to that of the [O ii]
doublet, and require the line intensity ratio to be 0.2 <
[O ii]λ3729/[O ii]λ3727 < 2. We set a S/N limit of 5 for the
fit to be considered successful. The S/N is determined by
comparing the χ2 of the Gaussian fit to that of a straight
line fit, i.e. we accept the Gaussian fit if the improvement
over a continuum-only fit is > 5σ (see Swinbank et al. 2017).
If the S/N of the fit is below this threshold, we increase the
averaging region to 5×5 pixels and repeat the fit. Examples
of the resulting velocity maps are shown in Fig. 13.
Next, we extract velocity profiles across the galaxy and
find the direction through the continuum centre (i.e. the
barycentre as estimated by SExtractor) of the galaxy that
maximizes the velocity gradient. We define this as the pro-
jected kinematic major axis of the galaxy. Then, the az-
imuthal angle (Φ) is defined as the angle between this pro-
jected major axis and the projected vector from the galaxy’s
centre to the quasar, where Φ = 0◦ (90◦) represents the di-
rection along the projected major (minor) axis, respectively.
We are able to estimate the galaxy major axis and Φ for 38
of the 53 galaxies with Mg ii absorption in our sample. These
are shown in Fig. 14 along with W
Mg ii
r of the absorption.
The uncertainty in Φ ranges between 10◦ and 20◦.
We do not find any clear trend between W
Mg ii
r and
Φ, as the Mg ii absorption is detected over the full range
of Φ. Mindful of the fact that the majority of our sample
is composed of galaxies that are in pairs or multiple asso-
ciations, we also consider cases in which we restrict only
to galaxy with the smallest impact parameter or with the
highest stellar mass among multiple galaxies, finding that
the Mg ii absorption is located at Φ < 45◦ in 67% cases
and at Φ > 60◦ in 33% cases, with the WMg iir distribu-
tions being similar. Considering only the isolated galaxies in
our sample, we again find an even distribution in equivalent
width, perhaps with a hint of a gap between 30◦ . Φ . 50◦,
but the numbers are too small for any reliable conclusion.
The lack of a clear bimodal distribution of Φ in our sam-
ple can be primarily attributed to the presence of multiple
galaxies associated with a single Mg ii absorber. The above
studies that have reported a bimodal distribution have been
generally based on pairs of Mg ii absorbers and galaxies de-
fined as isolated on the basis of available data. As seen al-
ready in the W
Mg ii
r vs R relation above, multiple galaxies
exhibit much more scatter compared to isolated galaxies due
to environmental processes that perturb the CGM of indi-
vidual galaxies (see the discussion in Section 4).
A second likely reason for the lack of a strong non-
isotropic distribution in our sample is the fact that we do
not explicitly target strong absorbers, but rather we sample
a typical population of Mg ii absorbers for which the major-
ity of the galaxies (91%) are detected at R > 50 kpc. The
azimuthal dependence of Mg ii absorption has been found
to be stronger at smaller impact parameters (R . 50 kpc),
where the Mg ii absorption is more likely to trace strong bi-
conical outflows from the centre of the galaxy disk (Bordoloi
et al. 2011, 2014; Lan & Mo 2018). Hence, the distribution
of gas traced by Mg ii absorption further out in our sample
appears to be different and more symmetric than that closer
to the galaxies, implying that outflows do not retain a clear
spatial coherence (or do not reach) beyond these projected
radii.
In addition, we look for trends between kinematics of
the Mg ii absorption and galaxy orientation. If some of the
Mg ii systems are tracing outflows along the galaxy minor
axis, then that could manifest in more extended absorption
profiles at Φ & 45◦. We do not find any dependence of the
velocity width (∆v90) and number of absorption components
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Figure 13. Examples of velocity maps of the galaxies in our sample. The direction of maximum velocity gradient is marked by dashed
lines. The arrow indicates the direction towards the quasar. The angle between these two is defined as the azimuthal angle, which is
indicated at the top of each map.
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Figure 14. Rest-frame equivalent width of Mg ii as a function
of galaxy azimuthal angle (Φ) with respect to the quasar. Single
galaxies are plotted in red. Multiple galaxies are plotted in blue.
The galaxy with smallest impact parameter in case of multiple
galaxies is plotted as a filled symbol, while the remaining ones
are plotted as open symbols. The larger symbols denote galaxies
at R 6 100 kpc, while the smaller symbols denote galaxies at R >
100 kpc. The top panel shows the histograms of the azimuthal
angles − open black for all the galaxies, filled red for the single
galaxies, and filled blue for the closest galaxies among multiple.
We do not find any statistically significant trend of W
Mg ii
r with
Φ.
on the galaxy azimuthal angle. Among the isolated galaxies
and closest galaxies in case of multiple associations, the most
widespread absorption systems (∆v90 > 300 km s
−1, number
of components = 13 − 18) occur close to the galaxy major
axis (Φ . 30◦). In about half of the systems, the velocity
offset between the absorption and galaxy centre is along the
same direction as the velocity gradient of the galaxy along
the direction to the absorber, while it is in the opposite
direction in the other half.
In short, we do not find any significant trend be-
tween the absorber kinematics and galaxy orientation in
our sample, suggesting that a simple dichotomy between in-
flows/outflows and/or the presence of extended co-rotating
disks appear insufficient to model the more complex distri-
bution observed in the multiple associations uncovered by
IFU surveys, especially at larger impact parameters.
3.4 Dependence of Mg ii absorption on galaxy
properties
In this section, we explore the dependence of Mg ii absorp-
tion on intrinsic galaxy properties like stellar mass, star for-
mation rate and velocity dispersion. Several studies in the
literature have found correlations between W
Mg ii
r and host
galaxy properties, although the reported trends have not
been always consistent among different studies.
Chen et al. (2010) found that the extent of Mg ii ab-
sorbing gas around galaxies increases with increasing galaxy
B-band luminosity. However, they did not find any correla-
tion between absorption strength and galaxy colours. On the
other hand, Bordoloi et al. (2011) found that Mg ii absorp-
tion depends strongly on galaxy colours, with blue galax-
ies showing higher W
Mg ii
r than red galaxies, especially at
small impact parameters (R < 50 kpc). They also found that
W
Mg ii
r is correlated with M∗ for the blue galaxies.
Using the MAGiiCAT sample, Nielsen et al. (2013b)
reported that W
Mg ii
r increases with the galaxy B- and K-
band luminosity, but does not significantly depend on the
galaxy colour. Lan et al. (2014) presented evidence for dif-
ference in Mg ii absorption properties between star forming
and passive galaxies defined by their colours. They reported
a lack of correlation of W
Mg ii
r with impact parameter and
stellar mass of passive galaxies, but an increase in W
Mg ii
r
with M∗, SFR and specific SFR and decrease in W
Mg ii
r
with impact parameter of star forming galaxies. Based on
a study utilizing background galaxies to probe foreground
galaxies, Rubin et al. (2018) reported that W
Mg ii
r is higher
around galaxies with higher stellar mass and SFR, especially
at R < 50 kpc. Further, using stacked spectra of background
quasars, W
Mg ii
r has been shown to be correlated with the
[O ii] luminosity surface density and hence the SFR (Noter-
daeme et al. 2010; Me´nard et al. 2011; Joshi et al. 2018).
With our complete and homogeneous sample, we anal-
yse the connection between W
Mg ii
r and stellar mass and
SFR of the continuum-detected galaxies. Note that since the
sample of continuum galaxies were identified independent of
the Mg ii systems, the analysis here is analogous to a galaxy-
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Figure 15. Left: Rest-frame equivalent width of Mg ii as a function of stellar mass. Mg ii detections are plotted as stars, while upper
limits on W
Mg ii
r in case of non-detections are plotted as downward triangles. Single galaxies are in red and multiple galaxies are in blue.
The galaxy closest in impact parameter among multiple galaxies is shown as a filled symbol, while the remaining ones are shown as open
symbols. The median stellar mass is indicated by a vertical tick. The distributions of W
Mg ii
r below and above the median stellar mass
are statistically different (see Table 1). The average W
Mg ii
r (of detections and upper limits) in the two bins demarcated by the median
value are plotted as black stars. Right: Rest equivalent width of Mg ii as a function of SFR derived from [O ii]. Symbols are the same as
in the left panel. As with stellar mass, W
Mg ii
r shows an increasing trend with SFR, though at less statistical significance (Table 1).
centric approach. The left panel of Fig. 15 shows W
Mg ii
r
measurements and upper limits as a function of galaxy stel-
lar mass. More massive galaxies exhibit stronger Mg ii ab-
sorption on average. Galaxies above the median M∗ of our
sample have on average five times higher W
Mg ii
r than those
associated with lower mass galaxies. There is a positive cor-
relation between W
Mg ii
r (including upper limits) and M∗
(τk = 0.11, pk = 0.02). The probability that the distribution
of W
Mg ii
r at log M∗ 6 9.3 M is drawn from the same parent
sample as that at higher M∗ is P = 0.003. This probability
decreases to 0.002 when selecting only the galaxy with the
smallest impact parameter among multiple galaxies. Note
that the impact parameter distributions of the galaxies be-
low and above the median stellar mass are not statistically
different (based on a two-sided Kolmogorov-Smirnov (K-S)
test, DKS = 0.12 and PKS = 0.40). Our results are thus con-
sistent with those in the literature discussed above in that
more massive galaxies tend to show stronger Mg ii absorp-
tion around them. For instance, Rubin et al. (2018) find that
the galaxies with log M∗ > 9.9 M exhibit five times higher
W
Mg ii
r at 30 < R < 50 kpc than the less massive ones.
By leveraging the wide range of halo masses probed in
our sample (3 × 1010 − 4 × 1014 M), we can further ex-
tend this comparison to the massive haloes that host LRGs.
Even in this case, results are not always fully consistent
in the literature: based on LRG-absorber cross-correlation
techniques, W
Mg ii
r have been reported to be anti-correlated
with the galaxy halo mass over W
Mg ii
r ∼ 0.3−5 A˚ (Bouche´
et al. 2006; Lundgren et al. 2009; Gauthier et al. 2009),
whereas, using halo abundance matching, Churchill et al.
(2013) do not find any anti-correlation between W
Mg ii
r and
Mh. We note that there is insufficient number of strong ab-
sorbers (W
Mg ii
r > 1 A˚) in our sample to directly compare
102
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Figure 16. Rest-frame equivalent width of Mg ii as a function
of a combination of impact parameter and stellar mass. The best
linear fit between log W
Mg ii
r and this combination is shown as
a solid line. Single galaxies (red points) and the galaxies closest
in impact parameter (solid blue points) among multiple galax-
ies are considered for this fit. The dotted lines represent the 1σ
uncertainty in this fit. Symbols are the same as in Fig. 15.
to the results of these studies. But in general we find a trend
of increasing W
Mg ii
r with Mh (τk = 0.11, pk = 0.02), with
the more massive haloes (Mh > 3× 1011 M) exhibiting five
times higher W
Mg ii
r on average.
Next, we study the link between W
Mg ii
r and SFR, find-
ing that galaxies showing higher SFR also show stronger
Mg ii absorption (Fig. 15; right), though the correlation is
weaker (τk = 0.05, pk = 0.24) than that found between M∗
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Table 1. Dependence of Mg ii absorption on galaxy properties.
All galaxies
R 6 169 kpc R > 169 kpc logM∗ 6 9.3M logM∗ > 9.3M SFR 6 1.5 Myr−1 SFR > 1.5 Myr−1
<W
Mg ii
r >
a (A˚) 0.17 0.05 0.02 0.10 0.03 0.09
P b 4× 10−4 3× 10−3 4× 10−2
Single galaxies + galaxies with smallest R among multiple
<W
Mg ii
r > (A˚) 0.17 0.03 0.01 0.08 0.005 0.07
P 9× 10−5 2× 10−3 9× 10−3
a Average of the W
Mg ii
r distribution including upper limits for the subsets using the regression on order statistics method in r.
b Probability of the W
Mg ii
r distributions of the two subsets arising from the same parent population based on survival analysis using
the Peto & Peto modification of the Gehan-Wilcoxon test in r.
and W
Mg ii
r . The average W
Mg ii
r of galaxies above the me-
dian SFR of 1.5 Myr−1 is three times higher than that of
the galaxies with lower SFR. The probability of the W
Mg ii
r
distributions with higher and lower SFR being from the same
population is P = 0.04 (0.008 when considering the galaxy
closest in R in case of multiple associations). However, we
do not find any significant trend (pk = 0.38) of W
Mg ii
r with
the specific SFR (sSFR = SFR/M∗) for the closest galaxies.
For this reason, we attribute the existence of a corre-
lation of Mg ii absorption with SFR as not likely to be re-
lated to the underlying star formation physics, but more to
a reflection of the correlation with stellar mass (or generally
“size” of a system) through the galaxy main sequence. Once
this mass dependence is normalized out in the sSFR, there is
no strong residual correlation. This is not in agreement with
the results of Bordoloi et al. (2011) and Lan et al. (2014)
who find that blue galaxies show significantly stronger Mg ii
absorption, but is consistent with the lack of a strong depen-
dence of W
Mg ii
r on galaxy colours as found by Chen et al.
(2010) and Nielsen et al. (2013b). We note however that
our sample predominantly comprises of star forming galax-
ies (∼90% have SFR & 0.5 Myr−1, sSFR & 10−10 yr−1). A
lack of passive galaxies could explain the weaker correlations
of W
Mg ii
r with SFR and sSFR that we find compared to the
studies of Bordoloi et al. (2011) and Lan et al. (2014), which
included a significant number of passive galaxies.
In Section 3.2, we have seen that W
Mg ii
r is dependent
on R. To capture the combined dependence of W
Mg ii
r on R
and M∗ as found above into a single relationship, we define
a linear dependence of log W
Mg ii
r on both R and log M∗ as
log WMg iir (A˚) = a+b1×R (kpc)+b2× [log M∗(M)−9.3].
(3)
Here, the dependence on log M∗ is offset by the median stel-
lar mass of the sample. We define a likelihood function for
the above model following Eqn. 2 and estimate the best-
fit parameters as described in Section 3.2. As an attempt
to isolate the effects of individual galaxies from the one of
the environment, we fit to the single galaxies and closest
galaxies among multiple galaxies. The best-fit relation is
shown in Fig. 16 and is characterized by a = −0.61+0.63−0.58,
b1 = −0.008+0.003−0.004, b2 = 0.53+0.34−0.28 and σsc = 1.00+0.30−0.20.
Above, we have found a dependence of W
Mg ii
r on M∗
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Figure 17. Velocity width of Mg ii absorption which contains
90% of the total optical depth (∆v90) as a function of the velocity
dispersion of the [O ii] emission (σ[O ii]) from galaxies. Symbols
are same as in Fig. 15.
and a weaker one on SFR, and we have argued that the
lack of a dependence of W
Mg ii
r on sSFR indicates that the
trend with SFR is mainly driven by the dependence on M∗.
To investigate more this trend, we first estimate the W
Mg ii
r
values for our sample as predicted by the above relation
of W
Mg ii
r with R and M∗ (Eqn. 3). Then, we check for a
dependence of the difference in the predicted and observed
W
Mg ii
r values on the SFR of the galaxies. There is no sig-
nificant trend (pk = 0.22) of the W
Mg ii
r residuals with SFR,
suggesting instead that the stellar mass (along with distance
from galaxy centre) is the dominant factor influencing the
Mg ii absorption around the galaxies in our sample.
We further check whether the absorption properties are
in any way linked with other galaxy properties. For exam-
ple, the kinematics of the Mg ii absorption could be affected
by the intrinsic galaxy properties. Strong Mg ii absorption
has been observed to trace powerful outflows from the host
galaxies (Weiner et al. 2009; Nestor et al. 2011; Rubin et al.
2014), as well as the intra-group medium (Kacprzak et al.
2010; Gauthier 2013; Bielby et al. 2017). Hence, the velocity
extent of the absorption could be driven by the host galaxy’s
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Figure 18. Differential (left) and cumulative (right) covering fraction of Mg ii absorbing gas as a function of galaxy impact parameter
for different W
Mg ii
r sensitivity limits (W0) considering all the galaxies in our sample. Error bars represent the 68% confidence interval.
Note that the cumulative covering fraction measurements are correlated.
star formation, or it could reflect the disturbed gas dynamics
in the galaxies due to interaction within a group (see below).
We check for correlations between the velocity width of
the Mg ii absorption, as defined by ∆v90, with the SFR and
velocity dispersion of the [O ii] emission (σ[O ii]). We do not
find any correlations between these parameters. As it can
be seen from Fig. 17, ∆v90 of the Mg ii absorption does not
show any specific trend with σ[O ii] of the galaxies. Further,
the number of absorption components in a Mg ii system re-
flects the kinematic complexity of the gas, which could be
influenced by the galaxy properties. We do not find any cor-
relation of the number of absorption components (from Voigt
profile fits; Section 2.1) with impact parameter and velocity
separation from the galaxy, although the most kinematically
complex Mg ii absorption system (number of components =
18) occurs closest to the host galaxy. Besides the correlation
of W
Mg ii
r with M∗ discussed above, the other strong trend
we find is that of W
Mg ii
r with the galaxy environment, as we
discuss in Section 4. The dependence of W
Mg ii
r on galaxy
properties discussed here is summarized in Table 1.
3.5 Covering fraction of cool gas
Having explored correlations between galaxies and Mg ii ab-
sorption in the above sections, we now turn to a more statis-
tical description of the cool gas distribution around galaxies
by means of the covering fraction of Mg ii absorption and
its dependence on galaxy properties, taking again a more
galaxy-centric approach. The covering fraction profile of ab-
sorbing gas with distance from galaxies can in fact be used to
place constraints on the extent and patchiness of the CGM.
In particular, the covering fraction of Mg ii absorbing gas
can be used to infer the extent of cool (T ∼ 104 K) metal-
enriched gas around galaxies.
We define covering fraction as
fc =
Ndet(W
Mg ii
det > W0)
Ntot(W
Mg ii
sens 6 W0)
, (4)
which is the fraction of galaxies showing Mg ii absorption
with W
Mg ii
r above the equivalent width limit W0 out of all
the galaxies with sufficient sensitivity to detect Mg ii absorp-
tion above this limit. We show the differential (estimated in
different R annuli) and cumulative (estimated inside a radius
R) covering fraction as a function of the impact parameter
for different W0 in the left and right panel of Fig. 18, respec-
tively. The error bars represent 1σ Wilson score confidence
intervals.
The covering fraction profiles show a decrease with im-
pact parameter as expected. Also, the covering fraction in-
creases as we go to lower sensitivity limits, declining more
steeply beyond R ∼ 100 kpc for W0 > 0.1 A˚ than for W0
6 0.03 A˚. In line with the trend of WMg iir with R, this
implies that strong Mg ii absorbers originate from the in-
ner CGM of individual galaxies, while the weaker absorbers
also trace the outer CGM and, in some instances, the ex-
tended intra-group medium. The covering fraction of Mg ii
absorbers with W
Mg ii
r > 0.1 A˚ is ≈ 0.8 at R 6 50 kpc
and decreases to . 0.2 at R > 100 kpc. This is consistent
within the uncertainties with the reported covering fractions
of Mg ii absorbers above the same detection threshold in lit-
erature samples (Chen et al. 2010; Nielsen et al. 2013b),
which are primarily at lower redshifts. For the rest of the
paper, we adopt W0 = 0.03 A˚ for the covering fraction anal-
ysis in this work, since ∼90% of our galaxies have sensitivity
to this equivalent width.
For W0 = 0.03 A˚, the covering fraction estimated within
R = 50 kpc is ∼ 0.8, but has large uncertainties due to the
small number statistics. Mg ii absorption signal is present
out to the highest impact parameter probed in our sample,
with fc on an average being ∼ 0.2 at R & 200 kpc. The total
covering fraction decreases from ∼ 0.5 within R 6 100 kpc
to ∼ 0.3 within R < 300 kpc. The differential fc shows an
increase at the outermost impact parameter (R > 300 kpc)
that, although not statistically significant, could arise out of
the superposition of individual Mg ii haloes of the galaxies
in multiple associations. Note that for this analysis, we have
considered all galaxies with associated Mg ii absorption. The
results do not change within the 1σ uncertainties when we
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consider only the closest galaxies in presence of multiple
association.
As explained above, in our full sample of 228 galaxies,
14 are identified on the basis of line emission alone. Unlike
the continuum-detected galaxies these were not identified
blindly but based on the presence of associated Mg ii ab-
sorption. Furthermore, we are most probably missing a small
fraction of continuum-faint line emitting galaxies, especially
near the bright quasar PSF, from the full galaxy sample. To
test for the effect of this, we repeat the covering fraction es-
timates excluding the line emitting-galaxies. The estimates
change by 6 20% for W0 = 0.03 A˚, but are consistent within
the 1σ errors with the ones shown in Fig. 18.
Since the Mg ii absorption strength was found to be
correlated with M∗ and marginally with SFR in Section 3.4,
next we investigate the dependence of the covering fraction
profile on these properties in the continuum-detected galaxy
sample, which is unbiased with respect to absorption. Since
the CGM of a more massive galaxy is expected to have a
larger radial extent, we normalise the impact parameter with
the galaxy virial radius. In Fig. 19 we plot the cumulative
covering fraction as a function of the scaled impact parame-
ter, and this time divide the sample into two subsets based
on the median M∗ and SFR values. The decline in the cover-
ing fraction profile is more pronounced for the higher mass
and more star forming galaxies. More massive galaxies show
two times higher fc compared to the less massive galaxies
within the virial radius, while higher star forming galaxies
show three times higher fc within this radius. We note, how-
ever, that these trends are not strongly statistically signif-
icant due to the appreciable uncertainty arising from small
number statistics. The above trends hold when we consider
only the closest galaxy in the case of multiple associations.
These results are compatible with studies in the literature
that report higher covering fractions around more luminous
star forming galaxies (Nielsen et al. 2013b; Lan et al. 2014).
It is interesting to note that the more massive/star-
forming galaxies still exhibit on an average fc ∼ 0.3 beyond
the virial radius, indicating the presence of extended metal-
enriched gas haloes. This could arise due to the overlapping
of haloes in groups or the extended intra-group medium (see
e.g. Section 4). Indeed, Bordoloi et al. (2011) have reported
more extended Mg ii haloes around group galaxies. Hence,
the more massive/star-forming galaxies in our sample could
tend to be intrinsically more clustered and their higher cov-
ering fraction could reflect effects of the denser environment
in which they reside. We look at the effect of the environ-
ment on the Mg ii absorption in detail within the next part
of this work. We conclude this part by looking next at red-
shift evolution in Mg ii-galaxy trends.
3.6 Redshift evolution
The majority of the Mg ii-galaxy correlations we have dis-
cussed at this point based on MAGG are generally at higher
redshift compared to most literature studies. For example,
90% of the galaxies in the MAGiiCAT sample (Nielsen et al.
2013a) lie at z < 0.8, and the median redshift of the sample
is 0.36. The study of Lan et al. (2014) focuses on the redshift
range 0.4 < z < 0.6, while that of Rubin et al. (2018) is at
0.35 < z < 0.8. In general, due to observational constraints,
CGM studies have focused either on lower redshifts (z 6 0.5)
using UV absorption lines and Mg ii absorption lines, or
higher redshifts (z > 2) using mainly Lyα absorption lines.
Hence, the intermediate redshift range (z ∼ 0.8 − 1.5)
probed here is all the more interesting since it allows us to
study the evolution of CGM properties over a redshift pe-
riod where the cosmic star formation rate density declines
from its peak (Madau & Dickinson 2014). Given the het-
erogeneous nature of Mg ii-galaxy samples in the literature
− different depth and sensitivity of galaxy surveys and ab-
sorption spectra, and methodology (single-/multi-slit/IFU,
absorption probed against background quasar/galaxy, indi-
vidual/stacked, galaxy/Mg ii-centric) − it is not trivial to
undertake direct quantitative comparison of our results with
those in the literature.
However, as discussed in a few instances above, most
of the trends seen in our sample, (e.g. the radial decline
of W
Mg ii
r and fc, and the increase in W
Mg ii
r and fc with
stellar mass) are at least qualitatively similar to what have
been reported in the literature for the lower redshift sam-
ples. Therefore, we do not find obvious evidence for evolution
in the properties of the cool metal enriched CGM around
galaxies from z ∼ 0.3 to z ∼ 1.5. Within our sample we
also do not find any significant dependence of W
Mg ii
r and
fc on redshift, though the sample size and redshift range
probed is still small to appreciate a mild evolution. Further,
the distributions of impact parameter and stellar mass, and
the fraction of isolated galaxies is not different below and
above the median redshift of z = 1.25 in our sample. Over-
all, there seem to be only weak (if at all present) evolution
of the CGM as probed by Mg ii at z ≈ 0.5 − 1.5, a trend
that will be soon better explored by ongoing surveys such as
QSAGE (Bielby et al. 2019) and CUBS (Chen et al. 2020).
4 THE ROLE OF ENVIRONMENT
In the previous sections, we have explored the properties of
Mg ii absorption in correlation to galaxies, highlighting gen-
eral trends characteristic of individual galaxies. As noted in
Section 3.1, the majority (67%) of the Mg ii absorption sys-
tems in our sample is associated with more than one galaxy.
Moreover, in several instances, it has already become clear
that the properties of the cool gas in the CGM of galaxies in
richer environments differ from those of isolated galaxies. In
this section, we explore more deeply the role of environment
in shaping the Mg ii gas in the CGM.
4.1 Results from the literature
There is already significant literature on the study of Mg ii
absorption in denser environment, e.g. starting from the dis-
coveries of galaxy groups associated with single Mg ii sys-
tems in the past (e.g. Whiting et al. 2006; Kacprzak et al.
2010; Gauthier 2013; Fossati et al. 2019b). Gauthier (2013)
find that a z = 0.5 LRG associated with ultra-strong Mg ii
absorption (W
Mg ii
r > 4 A˚) resides in a group environment,
and they argue that gas stripped from the gravitational
potential of the group members could lead to such large
W
Mg ii
r , a result echoed in Fossati et al. (2019b) on the
basis of a larger sample. Indeed, the extended presence of
Mg ii absorption (fc ≈ 15% at 100 kpc) around passive LRGs
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Figure 19. Dependence of the covering fraction of Mg ii absorbing gas on galaxy properties − stellar mass (left) and SFR (right), as a
function of the impact parameter normalized by the virial radius, for a W
Mg ii
r limit of W0 = 0.03 A˚. Blue (red) symbols connected with
solid (dashed) lines are estimates for galaxies with higher (lower) M∗ and SFR, respectively. Error bars represent the 68% confidence
interval.
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Figure 20. Left: Rest-frame equivalent width of Mg ii as a function of impact parameter for the groups in our sample. Measurements of
W
Mg ii
r are shown as stars while upper limits are shown as downward triangles. Estimates of W
Mg ii
r for the groups from the superposition
model are shown in grey symbols. The estimate for each group is shown at the impact parameter from the group centre. The best linear
fit to log W
Mg ii
r and R for groups is plotted in blue solid line. The dotted blue lines indicate the 1σ uncertainty in the fit. We show the
best fit to isolated galaxies in red dashed line for reference. Right: Cumulative covering fraction of Mg ii absorbing gas as a function of
impact parameter for the isolated galaxies (red) and groups (blue). Error bars represent 68% confidence interval.
(Huang et al. 2016) suggests that some of the Mg ii absorp-
tion comes from the CGM or stripped material of satellite
galaxies around LRGs.
There have also been a few statistical studies that have
investigated environmental effects in shaping the CGM of
group galaxies. Chen et al. (2010) did not find any correla-
tion between W
Mg ii
r and R for galaxies in groups, defined
as a galaxy having at least one neighbour within its B-band
luminosity-scaled gas radius and within line-of-sight velocity
separation, ∆v = 300 km s−1.
Using stacked spectra of background galaxies, Bordoloi
et al. (2011) found a flatter and more extended radial pro-
file around group galaxies, identified on the basis of the
zCOSMOS group catalogue of Knobel et al. (2012). They
Table 2. Dependence of Mg ii absorption on the environment. Re-
ported are the mean of the Mg ii absorption property (W
Mg ii
r ,
∆v90, and number of components) for the isolated and group sub-
samples, and the probability of these distributions arising from
the same parent sample. In case of W
Mg ii
r , upper limits are in-
cluded in the analysis.
Isolated Groups
W
Mg ii
r (A˚) 0.03 0.14
P 2× 10−5
∆v90 (km s−1) 95 137
P 0.13
Ncomp 4 6
P 0.07
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further found that the Mg ii radial profiles around the ge-
ometric centre of the groups or around the most massive
galaxy in the groups are more extended than that around
isolated galaxies. However, they were able to reproduce the
extended radial profile around groups with a superposition
model of the absorption profiles of isolated galaxies, indi-
cating that group environment may not have a strong ef-
fect on Mg ii absorption profile of individual group galaxies.
Nielsen et al. (2018), on the other hand, based on a similar
superposition model combined with kinematic analysis of 29
groups (defined as two or more galaxies within R = 200 kpc
and ∆v = 500 km s−1), with a WMg iir completeness cut
of 0.04 A˚, suggested that the Mg ii absorption is associated
with the intra-group medium rather than individual galax-
ies in a group. While they found marginally extended radial
profile of W
Mg ii
r around galaxies in their group sample,
this was consistent with that found around their isolated
sample within the uncertainties. They additionally reported
enhanced W
Mg ii
r and covering fraction around groups com-
pared to isolated galaxies. A recent study by Pointon et al.
(2020) finds instead no difference in the CGM metallicity of
isolated galaxies and groups at z = 0.25.
We caution that one should allow for uncertainty in the
classification of isolated galaxies and groups in the literature
studies that lack complete galaxy spectroscopy of the ab-
sorber fields. Furthermore, there is no unambiguous classifi-
cation of what constitute a group in the literature, e.g. based
on halo mass or number of members. Recently, however, with
the advent of MUSE, more sensitive and complete analysis of
the galaxy environment around absorbers is becoming possi-
ble. Bielby et al. (2017) studied the Mg ii absorption associ-
ated with a single group (defined as Mh ≈ 6×1012 M) using
MUSE and hypothesized that the absorption is most likely
to originate from a superposition of cool gas clouds that form
the intra-group medium. The MUSE-ALMA haloes study
(Pe´roux et al. 2019; Hamanowicz et al. 2020) also suggests
that the absorption is associated with more complex galaxy
structures, rather than a single galaxy, with most Mg ii sys-
tems in their sample being associated with multiple galaxies.
However, the radial profile of Mg ii absorption around their
galaxies in groups is consistent with that around isolated
galaxies in the literature.
Chen et al. (2019) revisited the group environment
around a z = 0.3 Mg ii system, that was observed initially
by Kacprzak et al. (2010) and more recently with MUSE
by Pe´roux et al. (2019). They detected a giant nebula of
ionized gas pervading the group in the MUSE data and sug-
gested that kinematics of the absorption is consistent with it
originating from tidally stripped gas. Fossati et al. (2019b)
studied the correlation between galaxy groups detected in
the MUDF and Mg ii absorption in the spectra of the two
background quasars in this field. The strength of the ab-
sorption in these groups is higher than what has been found
for isolated galaxies in the literature at comparable impact
parameters and stellar mass. Based on an analysis of corre-
lated absorption towards both the quasars and in the stacked
spectra of background galaxies probing a foreground group,
they found no evidence for widespread cool gas tracing the
intra-group medium. Rather they suggested that either the
strong Mg ii absorption is arising out of the CGM of individ-
ual galaxies in a group that lie at small impact parameters,
or it could have been stripped from the CGM of these galax-
ies due to gravitational interactions within the group.
4.2 Mg ii absorption in groups
In Table 2, we list the properties of Mg ii absorption as-
sociated with single or isolated galaxies and with multiple
associations and groups of galaxies as a whole. In our def-
inition, galaxies are isolated when there is no other galaxy
detected down to the flux limit of our sample in the MUSE
FoV and within ∆v = 500 km s−1, otherwise they are taken
as part of a multiple galaxy association. We use the term
“group” for these galaxy associations in this work, with the
caveat that no halo mass constraint has been included. In
other words, we adopt a more loose definition of “group” as
a non-isolated environment.
The W
Mg ii
r distributions (including upper limits) of
isolated galaxies and groups are significantly different (prob-
ability of arising from same population, P = 2 × 10−5),
with groups showing five times higher W
Mg ii
r than isolated
galaxies on average. The distributions of velocity width and
number of absorption components of Mg ii detections in the
isolated and group subsets are marginally different. Groups
tend to be associated with more extended Mg ii absorption,
having on average slightly higher ∆v90 and number of ab-
sorption components than isolated galaxies.
Next, we analyse the radial profile of Mg ii absorption
around the groups in our sample. We define the impact pa-
rameter for each group as the projected separation from the
quasar to the geometric centre of the group. W
Mg ii
r as a
function of this group-centric impact parameter is shown in
the left panel of Fig. 20. The best-fit linear relation between
log W
Mg ii
r and R for groups (slope b = −0.008 ± 0.005)
is slightly flatter but consistent with that obtained for the
isolated galaxies alone (b = −0.011 ± 0.005). These rela-
tions are also consistent with that obtained for the combined
sample of isolated galaxies and closest galaxies in groups
(b = −0.010±0.003) in Section 3.2. As with the isolated and
closest galaxies, there is considerable scatter in the W
Mg ii
r
versus R plane for the group-centric measurements as well,
especially at higher impact parameters, indicating that a
simple relation is not likely to fully capture the complexities
of the radial distribution of metals in groups.
Further, we investigate whether the Mg ii covering frac-
tion is different for the isolated galaxies and groups. The
cumulative covering fraction profiles around isolated galax-
ies and group centres as a function of impact parameter
are shown in the right panel of Fig. 20. The covering frac-
tion declines with increasing distance from both galaxies and
group centres. However, groups generally show higher cov-
ering fraction at any given impact parameter. The average
covering fraction within R < 200 kpc of groups is three times
higher than that around isolated galaxies, indicating that
Mg ii absorbing gas is more prevalent in the group environ-
ment.
4.3 Superposition models
As mentioned above, both Bordoloi et al. (2011) and Nielsen
et al. (2018) have compared superposition models resulting
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Figure 21. Same as in Fig. 20, but with the impact parameter normalized by the virial radius for the continuum-detected galaxies.
from summing W
Mg ii
r of isolated galaxies with the group
W
Mg ii
r . The assumption behind such models is that the
enhanced absorption seen around groups is due to the quasar
sightline tracing haloes of multiple galaxies, and that the
gas radial profile around individual galaxies in a group is
similar to that around isolated galaxies. We investigate here
whether a simple superposition model can explain the Mg ii
absorption we associate to groups in our sample.
To construct such a model, we treat the galaxies with
detection and non-detection of Mg ii separately, to avoid
combining upper limits and measurements of W
Mg ii
r to-
gether. The galaxies associated with Mg ii upper limits are
sufficiently distributed in impact parameter to enable di-
rect comparison of the group and isolated galaxies. In this
case, for each galaxy in a group we identify isolated galaxies
that are at similar impact parameters from the quasar (i.e.
R differs by 6 20 kpc), and that differ in stellar mass by
6 0.5 dex. Then we randomly select the WMg iir limit of one
of them if there are at least three such isolated galaxies. We
sum the associated limit for each member galaxy in a group.
We repeat this process 1000 times and consider the median
and 1σ uncertainty values from the bootstrap analysis as the
final estimates for each group. For the galaxies with Mg ii
detections, which are mostly at small impact parameters,
there are not enough isolated galaxies at similar impact pa-
rameter ranges to form a random association for each galaxy
in a group. Hence in this case, we rely on the best-fit rela-
tion obtained between log W
Mg ii
r , R and M∗(Eqn. 3), to
account for the dependence of W
Mg ii
r on both R and M∗,
with the caveat that this may not reflect the actual scatter
in the measurements. For each galaxy in a group, we esti-
mate the W
Mg ii
r expected from the model fit for its impact
parameter and stellar mass. Then we sum up the W
Mg ii
r
obtained for all the galaxies in the group. Using the above
two methods, we are able to estimate the W
Mg ii
r expected
from a superposition model for 39 out of the 47 groups in
our sample. The estimates based on the superposition model
are shown as grey symbols in the left panel of Fig. 20.
The majority (∼ 60%) of the superposition model esti-
mates are consistent within the uncertainties with the ob-
served values. A two-sided K-S test between the model and
observed values gives DKS = 0.26 and PKS = 0.13, indicat-
ing that they are not very different. Hence, on an average
the superposition model is consistent with the group mea-
surements. However, such a simplistic model, which does
not take into account interactions in the group, cannot ex-
plain all the observed W
Mg ii
r measurements associated with
groups in our sample, especially the highest and lowest val-
ues of the distribution. This is in contrast with the results of
Bordoloi et al. (2011), and more in line with those of Nielsen
et al. (2018), who found that the superposition model could
explain about half of their group measurements but not the
ones with low W
Mg ii
r .
4.4 Trends with group size and mass
To get a perspective on the physical properties of the groups
in our sample, we next run a Friends-of-Friends algorithm
on the MAGG continuum-detected galaxy catalogue. These
algorithms use a separation in physical distance (∆r) and
line-of-sight velocity (∆v) to link together galaxies in struc-
tures (e.g. Knobel et al. 2009, 2012; Diener et al. 2013). We
use ∆r = 500 kpc and ∆v = 500 km s−1 to link two or more
galaxies into groups. We then estimate the group total stel-
lar mass by summing over the stellar masses of the member
galaxies (see Yang et al. 2007), and convert it into the group
halo mass using the stellar-halo mass relation of Moster et al.
(2010). Here we point out that the halo masses determined in
this way may be over-estimated by ∼ 0.2−0.3 dex compared
to estimates obtained by using relation between the stellar
mass of the central galaxy and the host group halo mass (e.g.
Yang et al. 2008). However, it is not always straightforward
to identify the central galaxy given the limited FoV of our
observations and the small number of galaxies in each group.
Moreover, the expected overestimation in the halo masses
will still lie within the scatter of the Moster et al. (2010)
relation. Hence, we adopt the above method for estimating
the group halo masses. The halo masses of the groups lie
in the range 1011 − 4× 1014 M and the median halo mass
is ∼ 6 × 1011 M. Number of members in a group range
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Figure 22. Left: Rest equivalent width of Mg ii systems associated with groups as a function of the halo mass. Measurements of W
Mg ii
r
are shown as stars while upper limits are shown as downward triangles. The average W
Mg ii
r values above and below halo mass of 10
12 M
are plotted as black stars. Right: Cumulative covering fraction of Mg ii absorbing gas in groups as a function of impact parameter scaled
by the group virial radius. Estimates for groups above halo mass of 1012 M are shown in blue while those for less massive groups are
shown in red. Error bars represent 68% confidence interval.
between two and seven. We associate the groups to Mg ii
absorption if the group redshift (average of that of the mem-
bers) lies within ±500 km s−1 of the Mg ii redshift, otherwise
we estimate an upper limit on W
Mg ii
r .
We plot in the left panel of Fig. 21 the W
Mg ii
r asso-
ciated with each group versus the impact parameter scaled
by the virial radius (Rv) of the group as estimated from
the halo mass. Note that for this analysis, the galaxies are
defined into groups based on only the continuum-detected
sample. Mg ii absorption is detected out to twice the virial
radius of groups. We show in the same figure the best linear
fit to log W
Mg ii
r and R/Rv for groups and isolated galax-
ies. The radial profile of W
Mg ii
r around groups becomes
steeper (slope b = −1.3+0.5−0.8) compared to that around iso-
lated galaxies (b = −0.44+0.3−0.4) once the impact parameter
is normalized with the virial radius. The Mg ii absorption
associated with groups tend to be more concentrated within
the virial radius compared to isolated galaxies, reducing the
number of detections at large projected separation which
appear as outliers in Fig. 20.
We further compare W
Mg ii
r for the groups defined on
the basis of continuum-detected galaxies with the estimates
from the superposition model described above. These model
estimates are plotted as grey symbols in the left panel of
Fig. 21. About ∼ 60% of the model values are consistent
with the observed ones within the uncertainties. However,
a two-sided K-S test between them gives DKS = 0.32 and
PKS = 0.03, indicating that they are likely to be drawn
from different distributions. This is most likely because the
model is unable to explain all the observed W
Mg ii
r values
associated with these groups.
We have seen above that the covering fraction around
groups is higher compared to isolated galaxies at a given
impact parameter. To additionally correct for the effect of
mass, we normalize the impact parameter with the virial
radius. We plot the covering fraction as a function of impact
parameter scaled with the virial radius of groups and isolated
galaxies in the right panel of Fig. 21. Even after scaling with
virial radius, groups tend to show higher covering fraction
of Mg ii gas. The covering fraction within twice the virial
radius is three times higher around groups as compared to
around isolated galaxies.
Till now we have seen that groups show on an aver-
age stronger and more prevalent Mg ii absorption than iso-
lated galaxies. We now look at whether there are any trends
among groups themselves. Fig. 21 shows that stronger Mg ii
absorption arises closer to the group centres. In the left panel
of Fig. 22, we plot the W
Mg ii
r associated with groups as
a function of the group halo mass. More massive groups
tend to be associated with stronger absorption, and W
Mg ii
r
shows a positive correlation with the halo mass (τk = 0.22,
pk = 0.04). Mg ii absorption is also more widespread around
the more massive groups. The cumulative covering frac-
tions of Mg ii for groups above and below the halo mass
of 1012 M, as a function of impact parameter scaled by the
group virial radius, are shown in the right panel of Fig. 22.
The groups with halo mass > 1012 M show twice the Mg ii
covering fraction within the virial radius than the less mas-
sive groups. However, do not find any significant trend of
the absorption width (∆v90) with the halo mass and veloc-
ity dispersion of the groups.
4.5 Stacking of [O ii] and Mg ii emission
We explore the possibility that the Mg ii absorption could be
tracing an underlying extended medium by checking for spa-
tially extended emission. In Section 2.2.2, we have seen that
we do not find extended [O ii] emission around the individual
galaxies associated with Mg ii absorption in the narrow band
images. Here we probe the presence of an average extended
medium in emission by stacking the continuum-subtracted
MUSE cubes in the rest frame of the galaxies. We first ob-
tain a stack using median statistics at the position of all
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the galaxies (53) with associated Mg ii absorption detection.
Then we generate pseudo-narrow band surface brightness
maps of width 15 A˚ centred around the [O ii] and Mg ii lines
from the stacked cube. These are shown in the top panel
of Fig. 23, along with the maps around two control wave-
lengths (2850 A˚ and 3650 A˚) near the emission lines to check
for effects of continuum subtraction residuals. The average
radial surface brightness profiles are shown in Fig. 24. We
do not detect any Mg ii emission around the galaxies in the
stacked image, down to an average surface brightness level
of ≈ 6×10−20 erg s−1 cm−2 arcsec−2 between 10 and 50 kpc.
The stacked [O ii] emission is detected around the galaxies
out to ∼ 20 kpc, beyond which the emission is on average
≈ 5×10−20 erg s−1 cm−2 arcsec−2. In Fig. 24, we also plot for
reference the radial profile of the average continuum emis-
sion around the galaxies, obtained by stacking the MUSE
white-light images centred at the galaxy positions. The av-
erage [O ii] emission does not appear to extend beyond the
continuum emission from the galaxies.
We repeat the above stacking exercise for the closest
galaxies and the most massive galaxies in case of groups,
with similar results. Next, we stack the MUSE cubes at
the location of the geometric centres of the groups (14)
which have detection of Mg ii absorption. The pseudo-
narrow band images generated from this stacked cube are
shown in the bottom panel of Fig. 23. In this case we do
not detect any significant [O ii] and Mg ii emission on an
average compared to the control images in the vicinity of
the group centres (average surface brightness ≈ (5 − 8) ×
10−20 erg s−1 cm−2 arcsec−2 within 50 kpc). The results from
our stacking analysis indicates that Mg ii emission is not
common around the galaxies in our sample, and that the
average [O ii] emission does not extend beyond few tens of
kpc from galaxies. Further, there is no evidence for the pres-
ence of an extended emission in the group environment down
to the surface brightness limit probed here.
4.6 Origin of Mg ii absorption in groups
The above results point towards a picture where the Mg ii
absorption associated with groups is stronger, more kine-
matically complex and spatially widespread than that asso-
ciated with isolated galaxies, and within groups themselves,
the absorption is stronger and more prevalent in the more
massive groups. While it is difficult with pencil-beam mea-
surements to definitively identify the origin of the Mg ii ab-
sorption associated with groups in our sample, we discuss
different scenarios that can lead to the observed enhance-
ments of Mg ii in groups: (i) superposition of haloes of indi-
vidual galaxies in groups; (ii) outflows in the halo of a single
massive galaxy within the group that is close to the quasar
sightline; (iii) halo of a galaxy that is affected by gravita-
tional or hydrodynamic interactions in the group; and (iv)
a widespread diffuse intra-group medium. We note that the
term “intra-group medium” is usually broadly defined in the
literature and there is no clear consensus on the observa-
tional signature of such a medium. For the purpose of this
discussion, we use it to denote a diffuse gaseous medium
beyond individual galaxy haloes, that pervades the group
environment, and we further differentiate it from stripped
gaseous structures around individual galaxies. Of course, it
is not expected that a single effect operates in isolation, and
it is instead more likely that multiple concurrent processes
give rise to the observed distribution of Mg ii absorption in
groups.
Above, we have compared the W
Mg ii
r of groups with
predictions from a superposition model which assumes that
the total Mg ii absorption in a group results from super-
position of absorption by individual galaxy haloes in the
groups. Since we have found a dependence of W
Mg ii
r on the
impact parameter and stellar mass of individual galaxies in
our sample, we have tried to account for these in the model.
Our analysis shows that a simple superposition model could
explain more than half (60%) of the Mg ii absorption mea-
surements and upper limits associated with groups. In the
remaining systems, the model under-predicts the observed
values in half of the cases, while it over-predicts in the other
half. In cases where it under-predicts, there could be addi-
tional factors like interactions and gas flows among group
members that boost the Mg ii absorption (Fossati et al.
2019b). In cases where the model over-predicts the mea-
sured signal, the absorption could be associated predomi-
nantly with a single galaxy in the group or a more diffuse
intra-group medium.
When we compare the distributions of impact param-
eters and stellar masses of isolated galaxies and all the in-
dividual galaxies in groups, we find that they are consis-
tent with being drawn from the same parent population
(PKS = 0.5). However, the impact parameter distribution
of the galaxies closest to the quasar in groups is different
from that of the isolated galaxies (PKS = 4 × 10−4), with
the closest galaxies in groups having smaller impact param-
eters on an average than the isolated galaxies. Similarly, the
stellar masses of the most massive galaxies in groups are
higher than that of the isolated galaxies (PKS = 0.002). Fur-
ther, among groups, those that comprise of galaxies closer
to the quasar sightline or more massive galaxies tend to
show stronger absorption. W
Mg ii
r is negatively correlated
with impact parameter of the closest galaxies in groups
(τk = −0.25, pk = 0.01), and it is positively correlated to
a lesser extent with the stellar mass of the most massive
galaxies in groups (τk = 0.16, pk = 0.11). The above sug-
gests that the stronger absorption associated with groups
could be driven by a single massive member galaxy close to
the quasar. These galaxies could be launching galactic-scale
winds and depositing more metals into their CGM. How-
ever, group galaxies do not fit individually the scaling rela-
tions for isolated galaxies, in line with a scenario in which,
e.g., gravitational interaction among the group members or
hydrodynamic interaction of the galaxy’s gas with the intra-
group medium, are at play in enhancing the Mg ii absorption
strength and cross section.
There is now growing evidence, from both observations
and simulations, that galaxies undergo pre-processing in
groups, i.e. much of the morphological modification and gas
stripping occur in the group environment before galaxies fall
into the cluster centres (Hess & Wilcots 2013; Odekon et al.
2016; Marasco et al. 2016; Brown et al. 2017; Jung et al.
2018). The prominent physical mechanisms that can directly
remove gas from group galaxies are ram-pressure stripping
as the galaxies move through the intra-group medium and
tidal stripping due to gravitational interaction among group
members. Tidal interactions are more efficient in perturb-
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Figure 23. Top: Median stacked pseudo-narrow band maps (width of 15 A˚) centred at the position of the galaxies (53) with associated
Mg ii absorption, around the [O ii] and Mg ii emission lines and two nearby control wavelengths (3650 A˚ and 2850 A˚). Bottom: Same as
above, but the median stacks in this case are centred at the geometric centres of the groups (14) with associated Mg ii absorption.
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Figure 24. The average surface brightness profiles of [O ii] and
Mg ii emission lines and two nearby control wavelengths in circu-
lar annuli of 10 kpc centred on the galaxies with associated Mg ii
absorption (see top panel of Fig. 23). The radial profile of the av-
erage continuum emission around the galaxies is shown in dotted
lines, scaled to the peak [O ii] emission for comparison.
ing the stellar and gaseous structures of galaxies within the
inner haloes of mass M∗< 1014 M, i.e. in a group-like en-
vironment, while ram-pressure stripping is believed to be
more effective in denser environment (Boselli & Gavazzi
2006; Marasco et al. 2016). Indeed, in the local Universe,
gas stripping phenomenon has been observed around galax-
ies in groups in the form of tidal tails, plumes and bridges
(e.g. Yun et al. 1994; Cortese et al. 2006; Mihos et al. 2012;
Rasmussen et al. 2012; Serra et al. 2013; Taylor et al. 2014;
de Blok et al. 2018; O’Sullivan et al. 2018; For et al. 2019).
The environmental dependence of galaxy properties has
been observed out to higher redshifts (z ∼ 1.5) as well (Peng
et al. 2010; Wetzel et al. 2012; Balogh et al. 2016; Lemaux
et al. 2019; Old et al. 2020), though the relative importance
of different physical mechanisms in removing gas from galax-
ies in groups is still uncertain at z ∼ 1. However, it is likely
that the one or more processes in the group environment
causes the CGM to be perturbed and metals to be dislodged
further out, leading to enhancement in the Mg ii absorption
cross section. Hence, some fraction of the Mg ii absorption
detected in our groups could arise from stripped gas, analo-
gous to what has been observed in groups at lower redshifts
(z ∼ 0.3; Chen et al. 2019). Indeed, based on a hydrody-
namic simulation study of cold (104 K) gas clouds in the
CGM of massive haloes (∼ 1013 M) at z ∼ 0.5, Nelson
et al. (2020) find that the cold clouds are seeded by strong
local density perturbations, which could initially arise out
of tidally and ram-pressure stripped gas structures in group
environment.
Further, the stripped gas could be in the process of mix-
ing and eventually forming an intra-group medium. Stud-
ies of individual Mg ii systems at z < 0.5 have suggested
that they are tracing the cool intra-group medium (Gau-
thier 2013; Bielby et al. 2017). On the other hand, Fos-
sati et al. (2019b) have not found significant evidence for
a widespread cool intra-group medium via tomography with
multiple sightlines. Rather, their results point towards Mg ii
absorption arising out of tidally stripped gas in groups. In
line with these results and with direct imaging of the warm
enriched gas in groups (Fossati et al. 2019a; Chen et al.
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2019), we do not find sufficiently compelling evidence for
a widespread (over ∼100 kpc) intra-group medium giving
rise to the observed Mg ii absorption (& 0.03 A˚). Absorp-
tion arising out of such a medium would be distributed ev-
erywhere in the group and not be strongly correlated with
individual galaxies in the groups. The correlations discussed
above between Mg ii absorption and galaxy properties in our
sample seem to disfavour such a scenario. While a diffuse
medium could still pervade the groups, it is not likely to sta-
tistically dominate the Mg ii cross section at the equivalent
width limit (& 0.03 A˚) we probe here. Emission line map-
ping and tomographic studies are required to actually map
the distribution of such a medium. However, based on stack-
ing analysis of the MUSE cubes, we do not detect on average
[O ii] emission beyond ∼20 kpc from the galaxies and detect
no significant Mg ii emission around the galaxies, down to a
surface brightness limit of ≈ 6×10−20 erg s−1 cm−2 arcsec−2.
Further detailed kinematic analysis of galaxies and the asso-
ciated absorption in individual systems would help to shed
light on the true origin of the Mg ii absorbing gas associated
with multiple galaxies in our sample.
5 SUMMARY AND CONCLUSIONS
In this work, we have presented results from the MUSE
Analysis of Gas around Galaxies survey (MAGG; Lofthouse
et al. 2020) on the cool metal-enriched CGM around z ∼ 1
galaxies. MAGG is based on a MUSE large programme with
the primary goal of studying the connection between strong
H i absorbers and Lyα emitting galaxies at z ∼ 3 − 4 in
28 quasar fields. The wide spatial and spectral coverage
of MUSE and the availability of high S/N, high-resolution
quasar spectra in all the fields, render the MAGG dataset
valuable for a variety of CGM studies. Here we use the
MAGG survey to build a sample of 228 continuum- and [O ii]
emission line-detected galaxies at 0.8 < z < 1.5 for which we
could measure the corresponding Mg ii absorption properties
using the background quasar spectra. The stellar masses of
the galaxies range between 107 and 1012 M, with a median
value of 2× 109 M. The 27 Mg ii absorbers, identified in a
blind search, show rest-frame equivalent widths in the range,
W
Mg ii
r = 0.02−3.2 A˚, with a median value of 0.1 A˚, and col-
umn densities between 1012 cm−2 to & 1015 cm−2. We probe
the CGM up to impact parameter, R ∼ 250 − 350 kpc and
typically twice the virial radius. The main results of this
study are summarized below.
– We identify 53 galaxies associated with 21 of the 27
Mg ii absorption line systems in our sample (galaxy detec-
tion rate 78+9−13%). Among these galaxies, seven are in an
isolated environment, the rest make up 14 associations and
groups of two to six members. The majority (67+12−15%) of the
Mg ii absorption thus arise in non-isolated environment.
– The Mg ii absorption strength exhibits a declining ra-
dial profile around galaxies. The relationship of W
Mg ii
r (in-
cluding upper limits for non-detections) with impact param-
eter of the isolated galaxies and the closest/most massive
galaxies in groups and associations is similar to that shown
by reportedly more isolated galaxy-Mg ii absorber pairs in
the literature, albeit with a larger scatter, indicating that
a simple relation may not be sufficient to characterize the
complex radial distribution of metals in denser environment.
– We do not find any significant azimuthal dependence of
W
Mg ii
r around the galaxies in our sample. This is contrary
to studies of Mg ii absorption that have reported an increase
in W
Mg ii
r close to the galaxy’s minor axis along which bicon-
ical outflows are believed to take place. Since the majority
of the absorbers are probing the CGM at R > 50 kpc, we
propose that the distribution of metals is likely to be more
symmetric further out from the galaxies, with collimated
outflows not extending beyond tens of kiloparsecs.
– The covering fraction of cool gas decreases with increas-
ing impact parameter and increases with increasing W
Mg ii
r
sensitivity at a given impact parameter. The average cov-
ering fraction for Mg ii absorbers with W
Mg ii
r > 0.03 A˚ is
∼ 0.5 (∼ 0.3) within R ∼ 100 kpc (300 kpc).
– We find a trend of stronger Mg ii absorption being asso-
ciated with more massive, and to a lesser extent, higher star
forming galaxies. W
Mg ii
r is five times higher for the sub-
sample of galaxies with M∗ > 2 × 109 M and three times
higher for the sub-sample with SFR> 1.5 Myr−1 compared
to that for the lower mass and less star forming galaxies, re-
spectively. Furthermore, the covering fraction is also two to
three times higher on an average within the virial radius for
the more massive and more star forming galaxies. This is
consistent with studies in the literature that have reported
stronger Mg ii absorption and covering fraction around more
luminous galaxies. We also observe a lack of a strong trend
of W
Mg ii
r with specific star formation, suggesting that mass
(and size) of a galaxy is more relevant than the actual im-
pacts of star formation in driving these correlations.
– We do not find any qualitative evolution in the studied
trends between Mg ii absorption and galaxy properties from
lower redshift (z < 0.8) studies in the literature to the higher
redshift range (z = 0.8− 1.5) probed by our sample. Hence,
there does not appear to be an important evolution in the
properties of the cool metal-enriched CGM up to z ∼ 1.5.
– We find a difference in the Mg ii absorption associated
with groups and isolated galaxies in our sample. Groups
(here loosely defined as systems of multiple galaxies) show
on an average five times the W
Mg ii
r of isolated galaxies,
and marginally higher velocity spread. The Mg ii absorbing
gas is also more prevalent in group environment. The cov-
ering fraction within R ∼ 200 kpc (twice the virial radius)
is three times higher in groups compared to isolated galax-
ies. Among groups, W
Mg ii
r and covering fraction show an
increasing trend with the group halo mass.
– A simple superposition model where we add up the
equivalent widths of isolated galaxies at similar impact pa-
rameter and stellar mass to group member galaxies is able
to explain on average more than half of the Mg ii absorp-
tion associated with groups. However, it does not explain
all the observed measurements, in particular at the higher
and lower ends, suggesting that additional processes in the
group environment play a role in enhancing the W
Mg ii
r .
– Galaxies in groups with smallest impact parameter are
on average closer to the quasar sightline compared to the iso-
lated galaxies. Hence, the observed enhancement of W
Mg ii
r
in groups could also be due to, e.g. starburst-driven out-
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flows in the CGM of the galaxies closest to the sightlines.
However, as these galaxies do not fit individually the cor-
relations for more isolated galaxies, cool stripped gas that
arises from environmental processes appears to contribute to
the observed Mg ii absorption in denser environment. Taking
into account the dependence of Mg ii absorption on galaxy
properties and the lack of significant extended emission in
stacking analysis, altogether there seems to be no strong
evidence for a widespread (beyond &20 kpc from galaxies)
intra-group medium that statistically dominates the Mg ii
signal (& 0.03 A˚) we observe.
From this work it is clear that IFU galaxy surveys in
quasar fields with complete mapping of the environment is
crucial for understanding the complex interplay between
galaxies and their gaseous haloes. Deeper surveys like that
being carried out in the MUDF (Fossati et al. 2019b) will
push such studies to lower mass galaxies. Further, NIR
spectroscopic coverage of our fields or in fields part of recent
Hubble Space Telescope surveys (Bielby et al. 2019; Chen
et al. 2020) will help to extend the study of cool gas and
of environmental effects on the metals in CGM to higher
redshifts.
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